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ANNOTATION

The characteristics of the operation of turbines and jet noz-
zles on double-phase working fluids are examined in this book.

By the method of successive approximations the flow of a double-
phase flow, containing small particles, is examined with regard to
the velocity and temperature lag of particles behind the gas; the
results of computer calculations are presented, permitting a swift
evaluation of the fundamental parameters of the exhaust of a double-
phase flow from a nozzle. It is shown that the presence of a liquid
undulating film on the wall of a nozzle leads to substantial losses
in the boundary layer and causes a significant lowering of nozzle
efficiency.

A method for evaluating turbines on double-phase flows with
liquid particles is given 1In the book and the basic types of sup-
pPlementary losses are examined: those due to impact of the liquid
particles on the nozzle blade and as a result of friction on the
undulating film covering the surface of the flow portion. In order
to achieve a decrease in the losses due to particle impact on the
blades, it is expedient to increase the axial clearance between the
nozzle apparatus and the turbine wheel, at the same time lowering
the erosional attrition of the rotor blades. In a birotative turbine
the losses indicated above are essentially decreased and its effec-
tiveness and reliability are maintained at a high level.

A great amount of attention was given to the operation of a
turbine on moist vapor and coal dust fuel.

The book is intended for scientific and technical engineering
workers in power machine construction and aviation industry. 12
Tables, 92 illustrations, bibliography, 72 citations.
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FOREWORD

The actuality of investigating double-phase flows is determined
by the contemporary vigorous development of thermo-energetics, the
application of new fuels and working fluids in gas turbine apparatus
and engines of flight apparatus. Practice sets a number of new
problems before investigators, which problems basically come down
to the following: determination of regular laws of the processes in
the flow of double-phase liquids in turbines and jet engines, the
creation of methods of evaluating such flows, ensuring high effec-
tiveness and reliability in the operation of turbines and jet noz-
zles. In the present book a first attempt is made towards a com-
Plex consideration of these problems on the basis of published data,
and also of results of investigations obtained by the author.

Expansion in the nozzle is the basic process of the flow of
double-phase mixtures in the flow portion of an engine. Therefore,
the chapters dedicated to the flow of a mixture in nozzles, precede
the chapters dedicated to the flow in turbines. In view of the
comparatively small volume of experimental data on the flow of
double-phase mixtures and of the large number of physical parameters
simultaneously influencing it, many aspects of this phenomenon are
examined only in the first approximation. Therefore, the book does
not pretend to make an exhaustive illumination of the problems men-
tioned, and the information presented in it, undoubtedly, will be
supplemented and dealt with in greater depth in the future.

In setting the tasks of the investigation and the discussion
of results obtained, the author received a great amount of help
from Doctor of Technical Sciences V.V. Uvarov and Doctor of Techni-
cal Sciences V., Kh. Abiants. In reviewing and examining the manu-
script a number of useful comments were made by Candidate of Tech-
nical Sciences G.A. Filippov and Candidate of Physical Mathematical
Sciences R.I. Nigmatulin. The author expresses heartfelt thanks
to all of them. The author is also indebted to I.I. Vlasov and
Ye.K. Gavrilova, who participated in conducting the investigations.
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Pressure of gas or
vapor phase
Temperature
Dimensionless temper-
ature
Specific volume
Density: degree of
reaction
Enthalpy
Velocity
Mass flow rate of
phase
Area of conduit
cross section
Dimensionless area
of conduit cross
section

Gy
_ Govey 7
sumption mass
centration of
and particles
Gas constant
Specific heat with
constant pressure
and wvolume
Adiabatic index,
polytropic index
Coefficient of
particle separation

con-
gas

Number of particles
per unit volume

Work

Net energy

Volume of heat
Force: interaction
force of particles
and gas: specific
impulse;

Particle diameter
Particle mass
Radius: vapor forma-
tion heat

ix

@ Coordinate calculated
on the initial cross
section of the conduit;
axial coordinate of a
particle in axial clear-
ancej degree of dryness
of the wvapor

E=x/L Dimensionless coordinate
q Acceleration of the 14
force of gravity
L Characteristic dimension
of the flow
Le Nozzle length
u Circumferential rotation
velocity of rotor blades
D Diameter of turbine or
nozzle
o Coefficient of heat
emission
T Time
ﬂT=pB/pT Degree of pressure drop
in turbines
U,V Coefficient of wviscosity,
kinematic viscosity of
phase
A Coefficient of heat
conductivity; reduced
velocity
o Coefficient of surface
tension
kaOdz
Sto = —TEHFE Stokes number
CrelPrd
Repe1 = ——~EF—— Reynolds number
2
n-1 €0 . .
§ = —— —=7—> Dimensionless
n qrRTo parameter
Subscripts
ad Adiabatic flow of a
pure gas
r Gas phase
A Liquid phase
K Particles, condensate
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Equilibrium flow
Second approximation,
real process

Relative motion
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Critical section

Exit section of nozzle;
separation
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of ‘expansion

Stagnant state
Dimensionless volume
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meter)
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INTRODUCTION

In recent years, in connection with the brisk development of
engine construction and thermal energetics, the necessity for
studying double-phase flows has appeared, i.e., flows of gas or L=
vapor containing a large amount of suspended ligquid or solid par-
ticles. Such a type of double-phase mixture may serve as the
working fluid in turbines and jet engines, for example in turbines
operating on moist vapors of various substances (water, freons,
mercury, alkaline metals); in turbines and jet engines operating on
combustion products with a large content of liquid or solid oxide
particles; in stationary and transport gas turbine engines, oper-
ating on powered coal fuel; in auxiliary turbines and jet nozzles
of solid propellant engines.

Double~phase flows are found also in pneumo-transportation,
hydro-transportation (pulp conductors), and in furnaces burning
pulverized fuel.

The flow of double-phase mixtures and their mechanical aero-
dynamic and thermophysical characteristics has been insufficiently
studied at the present time. However, available experimental and
theoretical data from a number of authors indicate that the presence
of a large amount of suspended liquid or solid particles in a gas
can essentially change the characteristics of the working fluid
(work capacity, heat transmission characteristics) in comparison
with pure gas.

The hydromechanical and thermophysical characteristics have
been more fully investigated only for liquid vapor mixtures with a
great content of the 1iquid phase and with small velocities of flow
(cf. for example the work of S.S. Kutaladze [32]).

A large number of studies was dedicated to the investigation
of turbines operating on moist water vapor. In the majority of
early publications [1l4], questions were examined that involved blade
erosion of actual turbines which were in use, and several measures
for decreasing erosion were proposed. These measures basically
come down to a hardening of the intake edges of the rotor blades
and also to collection and removal of moisture from the peripheral
surface of the flow portion. A generalization of the published data
(the majority of which are of an empirical nature) allows one to
find a means for increasing reliability of turbine operation.

In several works [15, 28, 60] the flow of a moist vapor in the
continuous flow portion of the turbine is comnsidered with regard to
the characteristics of the motion of the liquid and vapor phases as
well as interaction between the phases. However, even here, in the 41—
majority of cases the authors are limited to obtaining empirical
formulas for evaluating the decrease in efficiency and determining
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other parameters of the turbine.

Recently results of investigations were published in which
physical processes accompanying the flow of a moist vapor in a
turbine were studied: supercooling and abrupt changes in condensa-
tion on the exhaust of the vapor from the nozzle, precipitation of
drops from the vapor flow and growth of drops with motion of the
moist vapor through the turbine [18, 26, 49, 62]. Significant
investigations in this region were conducted in the Moscow Elec-
trical Technical Institute by a group of authors under the leader-
ship of Director of Technical Sciences M. Ye. Deych, and also
Directors of Technical Sciences I.I. Kirillov, R.M. Yablonik and
others.

It is necessary to emphasize that the majority of published
materials relates to the investigation of turbine operation on moist
water vapor and does not contain a clear classification of supple-
mentary losses in a turbine operating on a double-phase flow.

Even the influence of basic parameters of the suspended phase
(viscosity of the liquid, size and density of the particles), and
the geometry of the flow portion of the turbine, on the amount of
supplementary losses has not been studied in sufficient detail.

In order to calculate these losses, the majority of authors
propose empirical formulas, according to which it is recommended
that the efficiency degree be lowered by 0.75 to 1.5% for each per-
cent of vapor moisture. Meanwhile, with conversion to other work-
ing fluids (for example, moist hydrogen vapors and alkaline metals)
the nature and volume of supplementary losses, caused by double-
phasing, may be substantially changed.

Recently, papers have appeared in which the flow of double-phase
mixtures in a jet nozzle were considered. In several of them [66]
the law of the motion of a specific particle is determined accord-
ing to the given law of the motion of the gas phase, generally by
numerical methods. Moreover, the reverse influence of particles
upon the gas flow has not been considered.

In a number of works [29, 30, 56, 69], the motion of powder-gas
mixtures with regard to thermal and mechanical interaction of par-
ticles and gas has been studied. Thus in one article [69]1, it is
shown that heat exchange between particles and gas with an expansion
of the double-phase flow leads to a deviation of the indices of the
expansion process from the adiabatic index of the gas phase k. 1In
another article [561, results are given on the calculation of a
double-phase flow in the ultrasonic conical section of a nozzle with
the aid of the method of characteristics. In the assumption of a /7
one-dimensional flow on a subsonic portion of the nozzle and of the
constancy of particle lag in the throat, the influence of the cone
angle, relation of areas, diameter of nozzle throat, etc., on thrust
is investigated.
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Reference [29] presents a system of equations describing the
one-dimensional flow of a double-phase mono-dispersion mixture in
a nozzle. In addition, it is accepted that the mixture is exhausted
with a constant particle lag, and the flow of particles in the gas
follows Stoke's equation. Results of the investigation indicate
the possibility of increasing particle concentration in the zone of
the nozzle axis behind its throat. This leads to a retardation of
the gas on the axis and an increase in its temperature in comparison
with the gas flowing along the wall of the nozzle. Moreover it
was shown that an impulse, calculated according to one-dimensional
theory, differs from an impulse calculated according to two-dimen-
sional theory by no more than 0.2%.

In reference [5] a gas flow with solid particles in an axially
symmetrical nozzle was considered. It was shown that with a par-
ticle size of 4um a drop in the thrust in comparison with an equili-
brium flow comprises approximately 5% with a concentration of par-
ticles gg = O.h.

In studying a double-phase flow in the flow portion of an engine,
it is necessary to keep in mind the following basic characteristics
differentiating it from the flow of a pure gas;

(1) The forces of the aerodynamic interaction of the phases
are specified by the viscosity and also the whirling of the gas,
and are analogous to the usual forces of friction. The processes

" of heat exchange, between the phases,flow in a majority of instances

with a finite difference in temperatures. Therefore the flow pro-
ces of double-phase mixtures is theoretically irreversible. (If

the particles are very smallor very large, then with a moderate con-
centration of them it is possible to ignore the irreversibility of
this process).

(2) In a double-phase flow with high accelerations, a substan-
tial difference in the velocities and temperatures of the flow com-
ponents (phases) is possible.

(3) In a majority of instances, a double-phase flow is hetero-
geneous, where upon heterogeneity in the flow process can be sub-
stantially increased due to a redistribution of concentrations of
the phases according to the cross section of the flow.

(4) If the suspended phase is in a liquid state, then portions
of it precipitate on the walls and consequently change the micro-
geometry of the surface of the conduit and the form of the flow
portion.

The above-noted characteristics may prove to be a cause for

substantial supplementary losses in the flow portion of the engine.
It is necessary to attribute to such losses:
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(1) losses due to friction of the gas on particles;
(2) losses due to incomplete heat exchange between the phases;

(3) losses caused by interaction of the particles with elements
of the flow portion of the engine, for example upon impact of the
particles against the rotor blades of the turbine or losses of
kinetic energy of the particles with their precipitation onto the
walls;,

(4) losses due to a change in the microgeometry of the surface
and forms of the conduits with a precipitation of liquid particles
on the walls of the continuous flow portion or with erosional at- /8
trition of the elements of the flow portion by liquid or solid
particles.

In the present book, results are presented on the study of
specific characteristics of double-phase flows in the flow portions
of a turbine and in a Jjet nozzle and also supplementary losses
specified by the double-phase nature of the flow. Moreover, several
means for increasing reliability and effectiveness of turbine oper-
ation are considered, i.e., separation of particles in axlial clear-
ance and the possibility of application of a birotative turbine.

The thermodynamic method of investigation is broadly applied
in this work. An evaluation of the fundamental parameters of
double-phase flows is conducted by the method of successive approxi-
mations. This allows one to substantially simplify the task of
investigation, makes the obtained results more graphic, and ensures
completely acceptable accuracy for a majority of practical cases.

In view of the complexity of double-phase flows, great signi-
ficance, especially with the clarification of the physical essence
of the phenomena, is acquired by experimental investigation. In
some cases, for example, with the evaluation of losses due to fric-
tion of the gas on the liquid undulating film covering the nozzle
blades of the turbines or walls of the Jjet nozzle, quantitative
data may be obtained only from experiment.

The book contains results of investigations conducted by the

author; calculated and experimental data which have been published
are also used.
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CHAPTER I
ELEMENTS OF THE HYDRODYNAMICS OF DOUBLE-PHASE FLOWS
§1, Basic Assumptions and Formulation of the Problem

The flow of a double-phase mixture in the flow portion of /9%
turbines and jet nozzles has a complex nature which is specified
by a multiplicity of physical phenomena taking place simultaneously.
Up to the present time the most important characteristics of such
a flow have been insufficiently studied. This relates in particular
to the process of heat exchange between phases, proceeding, gener-
ally speaking, under nonstationary conditions due to the instability
of temperatures and velocities of the phases, to the phenomena of
separation of particles on the walls, to the turbulent wave flow
of liquid films, etc. Attempting to keep in mind the above-men-
tioned characteristics of the flow of double-phase mixtures demands
an exceptionally complex analytical apparatus and will hardly prove
to be successful.

An even narrower task, i.e., the investigation of the hydro-
dynamic aspect of the phenomenon and calculation of the interaction
and velocities of the phases, has still not been solved at the
present time in general form. Equations for the flow of double-
phase media, analogous to the general equations of hydrodynamics
[31] are known. However, the use of a system of such equations for
practical problems is not always possible, due to the large volume
of calculation work, since the number of equations inpvolved is
approximately twice that of the system of equations for a single-
phase flow. Moreover, precision of solutions to the problems 1is
conditional, since in a model of the flow, assumptions are estab-
lished which only very approximately correspond to actuality. These
assumptions must be supplemented by the usual assumptions on the
monodispersion of particles, on their equal density and spherical
form and on the absence of mechanical interaction between the par-
ticles.

Therefore, in the investigation of double-phase flows, it is
expedient to use the simplest methods, in particular, the thermo-
dynamic method.l As is known [10], the thermodynamic method of
investigation is based on two theoretical assumptions: on the sta-
tionarity and the unidimensionality of the flow processes (hydrau-
lic model of flow).

1 We will understand the term "thermodynamic method" to mean the

method of classical, i.e., equilibrium, thermodynamics (author's
note).
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These assumptions substantially simplify the task of investi- /10
gation and in a number of practically important instances (where T
the influence of nonstationarity and non-unidimensionality of flow
are small), allow the possibliity of obtaining correct overall
quantitative evaluations. The application of this method is
especially expedient at the present stage of investigation of double-
phase flows, when the physical picture of the flow is still insuf-
ficiently clear and many effects, caused by the double-phase nature
of the flow, are evaluated in first approximation.

Certainly characteristics of double-phase flows such as the
separation of particles in curvilinear conduits, and also in axi-
symmetrical nozzles with a large expansion, erosion loss of par-
ticles on a wall due to turbulent diffusion, etc., cannot be con-
sidered at the same time. Therefore the inclusion of other methods
of analysis 1s necessary in order to study them.

It is mecessary to note that the application of the thermo-
dynamic method of investigation is especilally effective for the
study of double-phase flows with small particles. With a decrease
in the diameter of the particles, the mass force (force of inertia),
acting upon a particle, decreases proportional to d3, and the sur-
face force (force of aerodynamic gas action) is proportional to d2
or d, so that the relative influence of the surface force increases.
Therefore, rather small particles are easily borne away by the gas
and follow its lines of flow. The flow of such double-phase mix-
tures in each small stream can be considered to be unidimensional.

Since the total surface of all particles substantially increases
with a decrease in their diameter, the speed of heat exchange pro-
cesses between phases can greatly exceed the speed of change under
heat exchange conditions. This allows one to disregard nonstation-
arity of heat exchange and, in particular, to use coefficients of
heat emission obtained for stationary conditions for calculating
heat emission from particles to the gas. An analogous conclusion
can be made concerning selection of the resistance coefficient of
a particle for defining the law of its motion.

In this chapter we shall consider the simplest cases of the
flow of double-phase mixtures with small particles. We shall
extract basic assumptions (including assumptions about phase sta-
tionarity and linearity of the flow), usually applied for consid-
eration of double-phase flows and allowing a still greater simpli-
fication of the task:

(1) the flow is stationary and linear;

(2) the flow takes place without heat exchange with the sur-
rounding medium;

(3) the specific heats of the phases Cp; and CprT and the co-
efficient of dynamic viscosity of the gas up do not depend upon
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temperature;

(4) mass consumptions of the phases are constant (phase transi-
tions are absent, i.e., there is no condensation, burning or evapor-
ation of particles);

(5) break-up or coagulation of particles does not take place /11

in the flow;

(6) the total volume of the particles is negligibly small in
comparison with the volume of the gas phase;

(7) abrupt changes in consolidation in the flow are absent and
the velocity of the particles relative to the gas does not exceed
the speed of sound;

(8) all particles have a spherical shape and equal diameter;

(9) mechanical interaction of the particles can be disregarded,
which allows one to assume the partial pressure of the particles
to be equal to zero.

Moreover, for evaluating the influence of the double-phase
nature of a flow on its basic hydromechanical parameters, it is
possible to ignore the interaction between the working fluid and
the walls of the conduit. Actually with the exception of losSses
due to the friction of the flow on the wall (which must be consid-
ered separately), this interaction will appear as a change in the
law governing the motion of particles near the wall. However, as
was shown in reference [54], at the same time the resistance coef-
ficient of a particle changes proportional to the factor 1 + (bd/2z),
where & is the distance of a particle from the wall and b is a co-
efficient depending upon the shape of the wall. For example, with
particle motion along a flat wall b = 0.55, but along the axis of
a cylinder we find that b = 2.1. Therefore the influence of the
law of particle motion on the wall will appear only at a distance
x << 10d from the wall, or, since the value d is on the order of
several microns, at a distance of x << 1 mm. This region relates
to the zone of the boundary layer and does not have any significant
influence on the nucleus of a double-phase flow in full-scale con-
duits and nozzles.

Let us consider the last two assumptions in somewhat greater
detail. The assumption of a spherical shape is completely justified
for small liquid drops and for solid particles formed by the solidi-
fication of such drops. Actually, the shape of a drop is determined
by the ratio of hydrodynamic forces acting upon the drops on the
part of the passing flow and the forces of surface tension. As is
well known, the ratio of these forces is characterized by Weber's
criterion We = prepey d/0. With a decrease in the diameter of a
particle even its lag in velocity epe)] decreases, therefore the
numerator of this expression swiftly decreases. With values of




We < 8 the forces of surface tension have the predominating influ-
ence and the drops retain a nearly spherical shape. Most often
it is these particles that are found in jet engine nozzles.

The interaction between particles in a moving double-phase
mixture may be both hydrodynamic (interaction at a distance through
the carrier medium), and mechanical (when they collide). As is
well known, the hydrodynamic interaction of particles involves the /12
following situation. With the motion of an individual particle the —
nature of a gas flow in the region adjacent to it changes somewhat.
With the motion of a large number of particles these changes, equally
distributed throughout the entire volume of the flow, are totalled,
thus leading to a difference between the parameters of the flow of
the gas phase in a double-phase flow and the flow of a pure gas.
Therefore, even the conditions of the flow of each particle of the
gas phase will differ from the conditions of its flow in a single-
phase flow. Tor example, with the accelerated flow of a double-
phase mixture in a conduit, the velocity of the gas phase in each
of its cross sections will be due to the inhibiting influence of
the particles which is somewhat less than the flow speed of a pure
gas. This decrease in gas velocity can be considered to be the
result of the superposition of a supplementary velocity on the basic
gas velocity, which is induced in the entire volume of the gas by
particles moving in the flow at a relative velocity er - ex» and
directed opposite to the gas velocity.

The study of the influence of particles on gas flow, inter-
action of phases and, consequently, even the mutual hydrodynamic
influence of particles, comprises one of the chief aspects of the
present book.

With the motion of double-phase mixtures, even a collision of
particles with one another may take place. As is well known, col-
lision of gas molecules taking place according to the laws of the
collision of absolutely elastic bodies, leads to the appearance of
internal pressure in the gas. However, the partial pressure of
particles suspended in gas (with d > 0.001 um) will be negligible,
due to the small number of particles in comparison with the number
of gas molecules, and the relative infrequency of their collisions,
and also due to the fact that in the majority of cases, collisions
of particles cannot be considered as absolutely elastic. Therefore,
in the present study, pressure in the double-phase flow will be
taken as being equal to the pressure of the gas phase.

Collisions will be most frequent if the particles are very
small and easily attracted by turbulent pulsations of the gas and
also with a great polydispersion of the particles (due to an essen-
tial difference in the velocity of the motion of different sized
particles). Collisions of particles cannot lead to noticeable
changes in any characteristics of the flow and must only be considered
in the investigation of certain specific flow characteristics; for
example, in the consideration of particle coagulation.
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We shall formulate the task of investigation in the following
way: to define the parameters of a double-phase flow (both the
total parameters as well as those of the individual phases) in any
cross section of the conduit according to the parameters set in the
initial cross section of the conduit.

§2. Basic Hydrodynamic Equations of Double-Phase Linear Flows /13

In the double-phase flows under consideration (the gas-particle
type) it is the gas which is the carrier medium and that which per-
forms the work. However the basic parameters of the gas and, in
particular, its efficiency, depend upon its mechanical and thermal
interaction with the particles. Therefore, with the investigation
of double~phase flows it is necessary to study the basic laws gov-
erning the mechanical and thermal interaction of the phases. 1In
the first place, it is expedient to consider the motion of an in-
dividual particle in the gas flow. Given the above-mentioned
assumption of an absence of mechanical interaction between the par-
ticles, dependences characterizing the motion of one particle can
be extrapolated to the case iInvolving the motion of several (many)
particles. Furthermore, considering the effect of particles on
the gas, it is possible to define the parameters of the flow of the
gas phase and of the double-phase flow as a whole.

Let us now consider the basic laws governing the flow of double-

phase mixtures.
1. Equations of Consumption

From the assumptions made about the stationarity of the flow
and of the constancy of the mass consumptions of the phases, it
follows that in each cross section of the channel the mass consump-
tion of the phase concentrations will be constant. As is well known,
in double-phase flows it is necessary to distinguish between local
mass concentration of phases (concentration of phases in a given
volume) and consumption mass concentration of phases (correlation
between mass consumption of the phases through one and the same
cross section of the conduit.) With the above-given assumptions the
local mass concentration of phases will depend upon the correlation
of phase velocities at a given point and may vary within very broad

limits.

Actually if the mass consumptions and the velocities of the
phases in the given cross section of the channel are respectively
equal to Gp and Gk, er and ek, then a unit volume near the section
under consideration contains ppy = Gr/Fer kg of gas and pyxyp = Gg/Feg
kg of particles. The values of pry or py, can be considered as the
density of the phase, averaged according to volume. Between the
mean density of the phase and its true density the following cor-

relations exist:
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where the true densities of the phases pr and px are determined
from state equations of the phases. We will consider the gas phase
to be a pure gas and the particles to be incompressible, then the
state equations of the phases have the form:

=P
Pl""“ RT ] (l)
Px == const. ' (2)
The correlations for the local mass and consumption mass con- /1y
centration of the phases are:

__ Pro — 1 _ Pr o — 1 . (3)
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From equation (3) it is seen that with constant mass consump-
tions of the phases and changes in the velocity of the particles
of a given cross section from zero to ¢r, the local concentration
of particles decreases from unity to gk, at the same time the local
concentration of the gas is increased from zero to gyx. Where cy =
ers, the local and consumption concentration of the phases corres-
pond.

For a linear flow the equations for phase consumption are:

G = Fepp = Fcr?r(l — Goorotr ),
GroxCy

|

Gx::FCkr’xv:chPx(l _f‘:‘v‘)

These expressions are distinguilished from the usual equations
of consumption G = Fep of a single-phase flow by the fact that they
have a supplementary factor which allows for the blocking of the
conduilt cross-sections by the other phase. For example, for the
gas phase the blocking of the cross section by particles comprises
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With a great consumption of particles (Gx >> Gr) or where their
velocity is small in comparison with the gas (e << er), the block-
ing of a cross section may be substantial. However, with Gx X Gr
and small particles (when the particles lag insignificantly behind
the flow of the gas, i.e., cyg ;zcr) the blocking of a cross section
is a value on the order of pr/pK. Under the moderate pressures
that are characteristic of the flow portion of engines, and even
more at high temperatures, the density of a gas is 100-1000 times
lower than the density of a majority of liquid and solid bodies;
therefore, the relationship pp/px in comparison with unity can be
ignored and the equations of consumption of the gas phase can be

accepted in the usual form:
G, = Fey;. (5)
Equations of particle consumption can even be written in the follow-~

ing form:

G, = Feynym.

. (8)

2. The Equation of Particle Motion /15

In the general case, with the motion of a particle in a gas
flow, the following forces act upon it:

(a) the force of aerodynamic resistance;

(b) the force due to acceleration of particles relative to the
gas;

(c) the force due to the pressure gradient in the flow;
(d) the force due to temperature gradient in the flow;

(e) mass force (for example, the force of gravity or electro-
magnetic force with the motion of a charged particle in an electro-

magnetic field).

In the majority of practical cases, the force of aerodynamic
resistance is the fundamental force acting upon a particle; the
remaining forces are small in comparison with it.

Actually, for example, a supplementary force equal to prVg
(deype1/dt), where Vk is the volume of the particle in an accelera-
ting flow, acts upon a particle with the relative accel-~vration
depe1/dt. Under the action of the longitudinal pressure gradient,



the mass of gas in a volume occupied by particles would move with

an acceleration der/dt; therefore, the force caused by the pressure
gradient is equal to prVk(der/dt). Both of these forces act accord-
ing to the direction of the flow velocity so that their sum is

Pro oV (Sas ).

With large particles derei/dt*der/dt and Py ~ 2prVik(der/dr).
The order of magnitude of the ratio of this force to the force of
the hydrodynamic activity of a flow P is equal to

Py prd®2de, 4 2 5 d

P 6 dCandtpc’ . Ly

Since usually d << Lg, it is then possible to ignore the value Py,
which is small in comparison with P.

de
With small particles (depgi;/dt)> 0 and Py ~ ppVk (—Eé, i.e.,

the effect of this force is equivalent to the effect of an apparent
increase in the particle mass on the mass of the displaced gas
volume. Where p. < 0.01 pyg, ignoring the effect of the increase in
particle mass does not lead to noticeable error.

Certainly, with motion of light particles in the flow of a
very intensely compressed gas or in the flow of their liquid 1t is
impossible to- ignore this effect. In particular this relates to
the motion of gas bubbles in an incompressible liquid; in this case
the effect of mass increase will, to a significant degree, determine
the nature of their motion.

The force specified by the pressure gradient can only be sig- /16
nificant with the passage of a particle through a compression wave.
If the diameter of the particle is significantly greater than the
thickness of the compression wave, then the force acting upon the
particle with the passage of the compression wave, can be ‘evaluated
according to formula

nd?
~TA
PCK 4 p'

where Ap is the change in gas pressure in the compression wave.

Relating this force to the force of gravity acting upon the

particle mg = lg—-ng, we obtain
P 3 Ap
me T2 had (7
Px8



where Ap = 105 n/m?, py = 1000 kg/m?; g = 9.81 m/sec? and d = 5-107°
m, the ratio of Pcx/mg 3.106.

It is necessary to bear in mind that the duration of the effect
of this force, with passage of a particle through compression waves,
is At &~ d/ckg. Using the equation for a change in the amount of
motion in the form P, At ~ mAly, it is possible to judge the amount
of change in velocity of a particle in a compression wave:

Pt 38p
m Zpxtx

Ac,

(8)

with the same values of Ap and pg, as above, ACx ~ 150/ck.

From the correlation obtained, it is seen that due to the effect

of the force caused by the pressure gradient, the velocity of a
particle, in passing through a compression wave, changes little.
Therefore, after the compression wave the particle velocity will
substantially exceed the gas velocity. This leads to the appear-
ance of an inhibiting force of hydrodynamic resistance, the value
of which may also be very significant. Under the effect of the
indicated forces, with the passage of a compression wave, deforma-
tion and even destruction of the liquid particles may take place.

Let us consider the force caused by the temperature gradient
in a flow. As is well known, a particle placed in a medium with a
large temperature gradient, begins to move under the influence of
the gas molecules towards the region with a lower temperature. Such
a phenomenon, which has been called thermophoresis, is considered
in reference [54], in which the following formula for determining
the force of thermophoresis, accurate for moderate temperature
gradients, 1s presented:

2 1
prdgradT
PTZ——a . —, (9)
20T

971')\11

where a m.

We equate this force with the force of gravity upon the particle:

(10)

Under usual flow conditions the temperature gradient is small,
and this ratio may be less than unity. However, in the case of a
highly heated double-phase flow over an intensively cooled surface,
the temperature gradient in the thermal boundary layer may be very
large (grad T > 10% °K/m). In this case relationship (10) may be
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substantially higher than unity. Thus, where Ak S5Ar, Ur = 5.107°

n x sec/m2, d = 5.10-% m, grad T = 10° °K/m, T = 1000 °K, pp = 1
kg/m3, px = 1000 kg/m3, this ratio is approximately equal to .

With d = 10-® m and the same other parameters, the force produced

by the temperature gradient exceeds the force of gravity acting

upon a particle by approximately 100 times. This force is rela-
tively small, however, it may have substantial influence on the
motion of particles near the surface and in particular may facilitate
its precipitation upon this surface [42].

Let us now consider the aerodynamic resistance force of a par-
ticle. As 1s well known, the force of the aerodynamic effect of a
gas upon a body moving in it is

2

c
= —rel
P=C.fo 9 °* (11)
where Cp = Cp(Repe1) is the coefficient of space resistance of a
body;
erelppd
Repe1l = TS is the Reynolds number in relative motion;
T

f is the cross section area of the body.

For very small spherical solid particles moving at a low con-
stant speed in an immobile gas with Repn,y < 1, the coefficient of
resistance was theoretically determined by Stokes in the form

c.=-2%_, (12)

x
Re.rel

For larger particles moving at a constant speed with elevated
Reynolds numbers (1 < Repgj < 10%), the coefficient of resistance
Cps determined experimentally by a number of investigators, is
presented in Figure 1.

The resistance coefficient of a particle depends upon its
acceleration. However, data available in the literature on the
influence of acceleration on (Cyp are contradictory; it is only possi-
ble to note that with accelerations of the flow, characteristic of
jet nozzles, it is small. Therefore, with a precision sufficient
for engineering calculations it is possible to accept the values of
the resistance coefficient of liquids and solid particles, moving /18
with an acceleration, based on the data obtained at a constant rel- -
ative velocity of particle motion.?

2 In reference [58] it is noted that with the passage of a shock wave,
i.e., with very great accelerations, the resistance coefficient of

a particle may differ by 2-3 times from the resistance coefficient
obtained under stationary conditions (author's note).
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Moreover the resistance coefficient of a liquid particle must
depend upon the degree of its deformation by the leading flow and

Cx
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Fig. 1. Resistance Coefficient of a Sphere as a Function of the
Reynolds Number.

upon the circulation in it directed toward the lateral surface
according to the relative velocity and the decreasing resistance of
the particle. However, as was already noted, 1t is possible to
ignore the deformation of small particles. Experimental studies
showed that, due to the influence of surface-active substances, the
amount of circulation appearing in a liquid particle and its influ-
ence on the resistance coefficient are negligible. This is even
more true of a rotating liquid particle.

With very low pressures, when the length of the free path of
gas molecules significantly exceeds the diameter of the particles,
the coefficient of its resistance will even depend upon the rare-
faction of the gas [22]. However, if the pressure in the exit sec-
tion of the nozzle p, > 0.05-10° n/mz, it is possible to ignore the
influence of gas rarefaction.

With an analytical investigation, particles of motion approxi-

/19

mate the experimental curves (cf. Fig. 1) by various dependences [34]:

24
h = 10— — — .
when Re ., =10 1 C, Re '
when Re, =10 - 10° cx=7;—:——;
rel 3
when Re > 107 C, == 0,48. (13)
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Moreover, if Repgj does not exceed several hundreds, the resistance
coefficient of the particle may be approximated by the dependence

a
x==R%a.+b’ (14)

where a and b are certain constant values determined from the con-
dition of maximum approximation to the experimental curve.

From equations (11) and (12) we obtain the following expression
for the force acting upon a particle (Stokes' formula):

P =37‘~'p-rdcre]- ( 15)

The formula is correct in the range 10-% < Repel < 1. The ratio of
this force to the force of gravity acting upon the particle is

L Becee (16)

mg pxed?

Where ur = 5.10-°5 nesec/m2, pg = 1000 kg/m3, d = 5°10"% m and Crel
10 m/sec, this ratio is equal to 3.6:10%; where d = 2:.10°% m and
the same other parameters remain, the force of the aerodynamic
influence of a flow on a particle exceeds the force of gravity act-
ing upon the particle by more than 20.10% times.

According to Figure 1, with a motion of larger particles, char-
acterized by Reyel > 1 numbers, the resistance coefficient Cgx is
decreased; however, at the same time the velocity of the particles
relative to the gas substantially increases. Therefore, the hydro-
dynamic force of the influence of a flow on a particle will also be
several orders of magnitude higher than the force of gravity acting
upon it. '

From the above-given evaluationit follows that with study of the
fundamental characteristics of the flow of double-phase mixtures,
under conditions characteristic of jet nozzles and turbines, it is
possible to ignore all supplementary forces acting upon a particle
as being small in comparison with the force of the aerodynamic

influence of the flow. Thus, the equation for linear motion of a
particle will have the following appearance: /20
dey ?
m—dj‘:P:fopr———'r;[ .

Insofar as dt = dx/cg. then

12
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dee Pr crel_
o= 0,75C, o e (17)

In the case of a nonlinear Fflow, when the directions of the
velocity of the gas and the particle do not correspond, this equa-

tion can be written in vector form:

dew Pr CGrel
dec _0,75¢, £ Srelg

dx Px O

3. The Equation of Gas Motion

In a double phase flow, besides the forces of pressure on the

part of the neighboring elements, the total force of resistance of
all particles present in the considered volume act upon each element
of the gas phase. With a positive acceleration this force is direc-
ted against the flow and leads to a certain retardation of it. In

this case the equations of motion of an elementary gas volume Fdzx

will have the form

dec _ _ Fdp— Pn,Fdx.

ocFdx

O

After transformations this equation, relative to 1 kg of gas,

can be written as

dCr x ch _l' 1 dp — 0
dx + gr dx Crpr dx (18)

4. The Energy Equation

From the assumptions of flow stationmarity and absence of heat
it follows that the total

exchange with the surrounding medium,
energy of a double-phase flow in any cross section of the conduit

must be equal, i.e.,

[

(,‘2 2
G, (_22 + ir) + G, (7“ 4 ix) = const.

This equation, relative to 1 kg of the gas phase, acquires the fol-

lowing appearance:

g Cp K(TKO~TK)' (19)

2 2
¢, —¢
l_‘__.'fi =Cpr(Tr0_—Tl‘)+ o

C?—-C?o +_g_‘(_~_
2 8r 2 .
The left-hand side of (19) expresses the change of kinetic /21
the change in enthalpy

energy of the mixture and the right-hand side,

13



of its components. As opposed to a single-phase flow, where the

gas temperature Tr and Try are connected by a simple adiabatic
equation, in the obtained equation the value of Tr is a complex
function of the thermal and mechanical interaction of the gas with
the particles. The temperature of the particles Tx depends basically
upon the intensity of their heat exchange with the gas.

5. The Equation for the Heat Exchange Between
Particles and Gas

The heat exchange between particles and a gas is a nonstation-
ary process since the temperature of the phases and the conditions
of the particle flow are directly changed by the gas (density of
the gas, relative velocity of the flow). However in double-phase
flows with small particles these changes proceed at velocities sub-
stantially smaller than the velocity of the processes of heat ex-
change between phases. Therefore, in first approximation, the
process of heat exchange can be considered to be stationary.

As is well known, the distribution of temperature in a sphere,
which has a liquid flowing past it, to a significant degree is
determined by the Biot number Bi = ad/2xyx (where o is the coefficient
of heat emission), representing the ratio of the internal thermal
resistance of heat conductivity to the external thermal resistance
of heat emission. With small values of the Biot number (Bi < 0.1)
it is possible to ignore the temperature gradient along the radius
of the sphere since, in this case, the heat flow is limited basic-
ally by the external thermal resistance and, due to the relatively
small internal thermal resistance, the temperature inside the sphere
is leveled out.

For small particles moving in a gas at small relative velocities,

(i.e., with small Repel numbers), the coefficient of heat emission

o is basically determined by the coefficients of heat conductivity

in the gas, so that o = 2Ar/d and Bi =~ (Ar/Ax). Since usually the
coefficient of heat conductivity of gases Ar is significantly less
than the coefficient of heat conductivity of liquid and solid bodies
Ak, then Bi << 1. Thus it is possible to accept, with a sufficient
degree of precision, that the temperature in the center and on the
surface of small particles is equal.

Considering the preceding, the equation of heat exchange be~
tween particles and the gas can be written in the form

3 2o
2 oG ndTe= o (Tr— T dx

K

or

dT _ 6a T — Ty
dx Cpuprd Cx (20)
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There are a number of theoretical and experimental studies on /22
the coefficient of heat emission of various bodies as a function of
the conditions of heat exchange. In particular, for a sphere with
small Rerel numbers and Pr &~ 1, according to the experimental data
of A.P. Sokol'skiy [23], it is possible to accept

4 0,66
Nu—2(1+0008Re|,-e1v)’ (21)

where Nu = ad/Ap, i.e., the Nusselt number.

Thus, after several simplifications and transformations, we
obtain the following system of equations describing the linear flow
of a double-phase mixture in a conduit of the given form F = F(x):

N

2

c
dey _ 00750x Pr Srrel :
dx Px  Cx

5 T,
der 8« dc R (Pr dT, +T. dpg )=0;
dx g dx T oy dx dx
"?—Cfo T8k "3_‘730 g« . (22)
9 + g— 9 = Cpr (Tro ’— Tr) + ;— Cp K (Txo - Tx)v
r "~
dTy  6a Tr—Tyx .
dx cpxPrd Cx !
Fr'rcr = Gr,
\ a=2INu@e, ) Re,,, = b
where CX:C"'(Re're]’ a=TNu( erel' e,‘rel— P '

This system consists of five equations and contains five un-
known quantities: er, ¢x, ers Ir and Ty, depending upon x, conse-
quently system (22) is closed. The values gy and gr (or consump-
tions of the phases Gy and Gr), pr, d and the physical characteris-
tics of the gas CpKo cpp, AF, Up s will be considered to be known.

§3. Limiting Cases of the Flow of
Double-Phase Mixtures

1. Transformation of the System of Equations (22)
in the Case of Very Large or Very Small Particles

With very large or very small particles the system of equations
(22) is significantly simplified. Actually very large particles
and especially particles possessing high density are weakly attracted
by a gas flow due to their own inertia. Therefore, as a limiting
case 1t 1s possible to accept that they pass through a conduit at
a constant velocity equal to the initial velocity of their motion
and it is possible to ignore the equation of particle motion.

Moreover, with large particles it is possible to ignore even

-the heat exchange between phases. In particular this relates to /23
the case when, in the initial cross section of the conduit the tem-
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peratures of the particles and the gas are equal, since at the same
time the heat exchange is to a significant degree still hindered by
the fact that the temperature of the gas in the boundary layer on
the surface of a particle is constant and equal to the initial tem-
perature of the flow (i.e., the temperature of the particle).

Since deyx/dx = 0, the second term of the left-hand side of the
equation of gas phase motion vanishes and is then converted into
the usual equation for gas motion

c,dc,—i—dp = 0. (23)
Pr

The energy equation also takes on the form which is usual for the
flow of a pure gas:

C?.——Cgo T)
_____2 ::Cpr(Tro— ). (2”’)

Certainly, particles moving in a gas at a great relative velo-
city perturb the flow and may lead to a deviation in the gas flow
process from a reversible adiabatic process. However, as will be
shown in the following .chapter, losses due to friction of the gas
on large particles, when they are in constant moderate concentra-
tion, are small. This is explained by the fact that with an increase
in the diameter of the particles their number in a double-phase flow
swiftly diminishes.

Thus, in the case of very large particles in moderate concen-
tration, the flow of a gas phase in almost no way differs from the
flow of a pure gas.

We shall now consider the Stokes' equation of motion for very
small particles:

dey  18pr cr—¢k
dx pxd? & (25)

Since where d - 0 the coefficient (lSur/pKdz) + oo and the left-hand
side of the equation is limited (with the exception of compression
waves, which are not considered in this study), then the relative

velocity er - ¢x = 0. Thus, with a decrease in the diameter of a
particle, its velocity will approximate the velocity of the gas.
Let us suppose that for very small particles e = ¢r.

According to reference [54]1, where d < 1078 m, the resistance of
a particle P~ d?cye1; therefore, the coefficient where (er - ex)/ck
will be proportional to 1/d. Evidently at the same time results of
the discussions are not changed (author's note).
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Analogously, considering the equation for heat exchange between
particles and gas and, keeping in mind that with very small particles

having coefficients of heat emission a = (2Ap/d) - o, in the limit-
ing case we obtain Ty = Tp. Then the equation for gas phase motion /24
and the energy equation acquire the following form:

cde dp
L2 42—y
&r Pr (26)

c’—cg
2gr ——"C,/(To—T)r (27)

where ¢ = ¢x = ep and T = Tx = Tr are the equilibrium velocity and
temperature of the mixture (in the future, parameters without indices
relate to an equilibrium flow of the mixture);

gx gx
ep = cpr *+ 5; CpK is the specific heat 1 + EF kg of a mixture.

The obtained equations differ from the equations for a flow of
a pure gas only by the supplementary factors. Thus the factor 1l/gr
in the equations of motion and energy equations is due to the fact
that the work of extending 1 kg of the gas phase in the case of an
equilibrium flow leads to an increase in kinetic emergy of 1l/grp kg

of the mixture. The difference of the coefficient cp from epr in

the right-hand side of the energy equation characterizes the increase
in the efficiency of the gas due to the conduction of heat from the
particles to it. Let us examine how the state of the gas phase
changes with an equilibrium expansion of a double-phase flow. With
a change in temperature of the particles by dT, the amount of heat

conducted from the particles to 1 kg of gas 1s equal to 5— cpKdT.
r

According to the first law of thermodynamics this heat is expended
on the change in gas enthalpy and on the work of forcing it in a

field of variable pressures; i.e.,

— & ¢, dT=c, dT — 22 (28)

8r Pr

Having substituted expression (1) here, we obtain

C +C —_— ) —— ==
( pr p X e RT P

Integration of this equation gives
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PP —const or 7 =(—p~)" . (29)
fr fro o Po
In these expressions
8x
Cpr+—“'cpx
()
n = gr ==:+” , (30)
&
Cvr“*“g“:fcpx _k"'f‘a

where

kzcﬂ". 9= g« Cpx
1 - -
- Cor & ©Cpr

Thus with an equilibrium expansion of a double-phase mixture,
the change in the state of the gas phase takes place according to
polytropic law with the index #n, defined according to formula (30).

The difference in the polytropic index n from the adiabatic
index k is defined by the amount of heat contained in the suspended
phase. With a decrease in the value & = chpK/grcpp) the index
n > k. In the limiting case (4> 0) n = k, 1i.e., the process of
expansion of the gas phase will usually be adiabatic. With an
increase in & the value # may substantially differ from the value k;
here in any case n = k.

We note that analogous conclusions may be obtained even for the
case of an equilibrium compression of a double-phase mixture.
Actually, the amount of heat conducted from the gas to the suspended
phase with an increase in the temperature of the mixture in the

9«
process of compression by dT, 1s equal to 5—-cpKdT. At the same
r
time, (28) (29) and (30) remain without change.
2. The Speed of Sound in Double-Phase Mixtures

As is well known, the speed of sound propagation in an elastic

medium 1is
[F)
2‘/(-—6:’)8. (31)

The partial derivative 9p/3p is taken with constant entropy,
which 1In a single-phase medium is equivalent to the assumption of
absence of heat exchange in a sound wave with the surrounding medium,
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and dissipation of energy independent of the nature of change in
the state of the medium as a whole. (For example, in a pure gas,
even given polytropic processes with elevation or elimination of
heat and a polytropic index 7 # k, the speed of sound is determined
by the value of the adiabatic index k).

Since the values p and p are connected by the adiabatic equa-
tion, resulting from the condition S = const, the partial deriva-
tive (9p/dp) S in equation (31) may be replaced by the usual deriva-
tive dp/dp.

In double-phase mixtures with very small particles, even with
the absence of heat exchange with the surrounding medium, a process
of expansion i.e., contraction of the gas in a sound wave can be
distinguished from the adiabatic, due to the heat and energy exchange
of the gas with the particles. As was shown above, in the limiting
case where Tr = Ty, the process of expansion and contraction of %he
gas is polytropic, with the index m < k. Substituting the polytropic
equation (29) into expression (31) and considering that where ey =
ck the density of the mixture is

1
P=Prw+va=;Pn (32)

we obtain the following expression for an equilibrium speed of sound
in a double-phase mixture:

a,=V gnRT . (33)

The difference between this formula and the usual expression for

the speed of sound in a pure gas a = VYKRT consists in the appearance
of a supplementary factor gp which allows for the increase in the
oscillating mass and in the substitution of the adiabatic index k

by the polytropic index n.

If the particles are very large, then they participate very
slightly in the acoustic oscillations of the medium and the heat
exchange between phases is also substantially worsened. In this
case, the speed of sound in a double-phase mixture will approximate
the speed of sound in a pure gas:

azzlfgﬁf. (34)

The oscillations of particles suspended in gas under the action
of sound waves is considered in [54]. Let us assume that the
resistance of the medium is inertialess and follows Stokes' law,
and that the medium performs harmonic oscillations

U, = Uy sinar,
r ro (35)
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where urp is the amplitude of oscillation velocity of the medium;
w = 27v is the angular frequency of oscillations; Vv is the freguency
of oscillations. Then the equation for the oscillating motion of
the particle will have the form
du.
m-—— == 3=Prd(ur - ux) or
d<

m ‘:‘K 4 3npdu, = 3rpdug, sinws. (s6)
<

Solution to this equation gives the following expression for the
relation of amplitudes of oscillation velocities of a particle in
the medium, and for a shift in oscillation phases:

Mo 1 (37)
“ Vi
tan\'qar'_cpx)zzuv (38)
ﬂVpKdz . . .
where z, = —~§EF— is a dimensionless parameter; and op - ¢ 1s the
shift in oscillation phase of the medium and particle.
Oscillation of the temperature of a particle 8y which is lo- /27

cated in a medium with wvariable temperature can be considered to
be completely analogous. Let us consider the case when the temper-

ature of the medium also varies according to sinusoidal law 81 =
frosinwt. In this case the equation of heat exchange (20) is re-
written in the form

a8y 124 g 12 _ g sinet
d= + cp xpxd® * cp xPxd? 0 (39)

Evidently, the solution to this equation will have a form analogous
to the solution to equation (36). In particular, the ratio between
the amplitude of oscillation of the temperature of a particle and
that of the gas 1is

Orol ] 1+zg (40)
and the phase shift is
tan (% — 9) =2, (1)
mve,  p._d?
where zg = ——~%§—K—— is a dimensionless parameter.
K
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As follows from formulas (37), (38), (40) and (41) where 2z, =
0.1 and z2g £ 0.1 the velocity of oscillations of particles and their
temperature are changed with almost the same amplitude and in the
same phase as that of the medium. Therefore, in such environments
the speed of sound propagation can be determined according to the
‘formula for the equilibrium speed of sound (33). For example, in
a double-phase mixture with the parameters pr = 5:107° n-sec/m2,
AT = 0.146 W/m-0K, epyx = 2100 J/kg-°K, d = 2um, py = 2000 kg/m3
and v S 2000 Hz, the values 3z, and %p do not exceed 0.1, so that
the speed of sound can be considered to be equilibrium.

Where z, 2 10 and 2g 2 10 amplitudes of velocity and temperature
of a particle are made negligibly small in comparison with the
amplitude of velocity and temperature of the gas, moreover, a great
shift in phase occurs. Therefore, it is possible to consider that
a particle does not participate in acoustic oscillations and that
heat exchange between particles and the gas is not present in a
sound wave. In such a double-phase mixture it will be equal to the
speed of sound in a pure gas [cf. equation (3a)].

It is possible to have a case when 24 = 0.1 and zg is rather
high. For example, this is possible with a gas of very low heat
conductivity. In this case, particles oscillate together with the
gas, but heat exchanges between the phases in the sound waves are
absent, and the speed of sound can be determined according to the
formula:

a=VgrkaT. (”_2)

(In addition the flow of a double-phase mixture in a channel may, /28
generally speaking, be equilibrium even in temperature, i.e.,
polytropic with the index n < k).

It is apparent from the given formulas that the degree of
increase of particles by the gas, and the iIntensity of heat exchange
between the phases in sound waves where 0.1 < 35, 6 < 10 depends on
the entire number of physical parameters of the phases, on the size
of particle d and also on the frequency of sound waves. With an
increase in the frequency of oscillations, the velocity and temper-
ature lag of the particles behind the gas increases. Therefore the
speed of sound propagation in double-phase mixtures will depend,
as opposed to single-phase media, even on tone height. It is known
that in gases an analogous dependence takes place only at a very
high frequency of the sound waves. In double-phase media with a
very low wave frequency, the speed of sound even depends upon the
form of the leading front of the perturbation.

3. Use of Hydrodynamie Functions for Calculating
Equilibrium Double-Phase Flows

As was already noted, equations of motion and energy of an

21



equilibrium flow of double-phase mixtures are very similar to the
corresponding equations of single-phase flows. Having made use of
this similarity, it i1s possible to obtain a number of correlations
between the parameters of equilibrium double-phase flows analogous
to the corresponding correlations for the flow of a pure gas. This
allows one to use the well-developed methods for studying gas flows;
in particular the method of hydrodynamic functions can be used even
for studying double-~phase flows.

Let us first introduce the concept of temperature damping of
an equilibrium double-phase flow. Just as for a pure gas, we shall
consider temperature damping of an equilibrium flow to be its tem-
perature in a cross section where the velocity is equal to zero.
From the energy equation (27) it follows that

)

T*=T
+grcp 2 (43)

Hence the exhaust velocity of the mixture is

c=3V2quT*——TL- (1)

By the critical section in a double-phase equilibrium flow of
a pure gas, we mean that cross section of the conduit, in which
the velocity of flow is equal to the local speed of sound. The
temperature of a mixture in the critical cross section of an equi-
librium double-phase flow can be determined, having used expression
(33), from the correlation

¢ =V 2gic,(T*—T.)=V gnRT_ in the form

7., =—2 _T*, (45)
- n+41

Substituting this expression into equation (33), we find the speed /29
of sound in the critical section

2n

oy RT* (46)

’
aP. cr = _‘/ &r
The reduced speed of a phase mixture is
A=t = n+1 1~_Jii_
ap-crl Vn—l ( T‘) (47)

From this correlation we determine the hydrodynamic function 1 of an
equilibrium double-phase Fflow:
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T = =l-—-£:—l)xz,

T n41 (u48)

Having used the polytropic equation (29) we obtain the follow
ing expressions for two other hydrodynamic functions:

'.'::_P—=(l——n—l7\2)’_£—‘; (49)
p* n41
1
S S/ ._i':_’.xz)n'—“t..
y Cope P:- (l n41 (50)

For the critical section these hydrodynamic functions are
written thus:

= Pcr ____( )’1—1.
tier p* n+l ’ (51)
1
plcr Pr cr . 2 ;1_—‘-1
Cer = T = ¢ —(n-}-l
P Pr

Figure 2 presents changes in the parameters Teopns Teps €cro

n4-1

Mep = ‘/fn< 2 )Fj— and »n dependening upon the value %==££%ﬂi

n41 8r Cpr
determining, according to equation (30), the dependence of n on k;
the value k for the gas phase is taken to be equal to 1.4. As is
seen from this figure, the critical ratio of pressures 7gp = Pop/P*
and consequently, even the temperature Tep = Tcop/T* for a mixture
can prove to be greater for a pure gas. The values €, and mepy for
a mixture are somewhat reduced in comparison with the pure gas.

s

Analogously we obtain expressions for the remaining hydrody- /30
namic functions of an equilibrium double-phase flow:

i 1

F, ; oy
. pc o Fer nd+1\n3 _n~—-l 2>n—1 . (52)
q()\)—pcrapcr ——-—F—‘—( 5 ) (] Py N A;
. !
N am _ P F-cr;(n+1 — 1 .
yy = o )" et (53)
n41
. (G- + G.) ¢+ pF 1 ( 1),
z(\) = - e =\ -—}» (514‘)
() (GF+GK)apcr+prFcr 2 + A

(55)

1
Y e ofl ol _on—1 o\
=27 (1+x2)(1 'n+l)\) ;
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) n—1 A2

pPF______ ntl (56)
(Gr + G} ¢+ pF 1 +22

rQ) =

These correlations correspond with the respective hydrodynamic
functions of single-phase flows, the only difference being that the
adiabatic index k is replaced by the

TRER & polytropic index n. Therefore, all
— characteristics of the flow of the curves
B T P 3 for A and the nature of the dependence
\\\<5Z even upon n wWill be the same as for
e TSt single-phase flows.
Q7 L ; .
s In particular, from equation (52)
fer it follows that in equilibrium double-
¢ L I - phase flows the critical section cor-
“—*“ responds with the minimal section (throat)
0 qz @ @6 48 U0 of the conduit. This is a somewhat
““%%ﬁ unexpected result, since it would be
possible to expect that the thermal and
Fig. 2. Critical Values mechanical influence of the suspended
of Hydrodynamic Functions phase upon the gas would lead to a dis-
of a Mixture as a Func- placement of the critical section from
tion of the Parameter the throat of the conduit [10]. How-
gk Cpx ever, as will be shown below, these
P = — —, influences in equilibrium double-phase
gr °pr flows are superimposed upon one another,

so that the critical section for them
corresponds with the throat of a conduit.

The expression for mass expenditure of an equilibrium double-
phase mixture G = Fep with the aid of hydrodynamic functions, can
be reduced to the form:

Fp*q (})
G =M R (57)
Here /31
g L
n—1
<mcr= n(n+l> . (58)

This expression differs from the usual expression for gas consump-
tion by the factor /gr in the denominator. From equation (57)
written for the critical section,

M, Fcrp’ p‘p' R
G:)/Er_ v RT- =mchcr'l/ grr =m F_ V p** (59)
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it is seen that with equal initial temperature and pressure, the
consumption of a mixture in one and the same nozzle, despite a
certain lowering of mgp, will evidently be 1/V/gr times greater than
the consumption of a pure gas.

It is necessary once more to note that all that has been pre-
sented in this section relates only to the equilibrium flow of a
double-phase mixture.

We shall evaluate the limiting values of dimensionless para-
meters, characterizing the velocity and temperature lag of the par-
ticles, where the flow still can be considered to be equilibrium.
We will conditionally consider the flow of the double-phase mixture
to be equilibrium if the relative lag in velocity and temperature
of the particles does not exceed 1%, i.e.,

L=t | £0,01; Z£%11l<(LOL

r.

(60)

Ck

As the calculations indicate (cf. the next chapter), it is
possible to ignore errors at the same time arising due to a differ-
ence in the actual process from an equilibrium process in the major-
ity of the engineering problems.

The equation of small particle motion (25) can be rewritten
in dimensionless form:

deyg 1 ot (61)

2
chod

—IgaFE, i.e., Stokes' similarity criterion.

where Sto =

In the case of motion of small particles with small lag which
we are considering, the gradient of particle velocity according to
the length of the channel is close to the gradient of gas density;
therefore, from equation (61) it is possible to evaluate the 1limit-
ing value of the Stokes criterion. For example with a flow in a
nozzle

Stol i_m< 0.(-)-1 = o.01 ’
dc Crmax — 1 (62)
d

where cpax 1is the maximum dimensionless velocity of a mixture in
the nozzle.

Considering that with small lag in speed Repe; > 0 and o -
(2\xr/d), the equation of heat exchange between the particles and
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the gas may be reduced to the following dimensionless form:

dt ::.K tr‘—‘tl-(

dt x| (63)
l2ArL
where K = ————— 1is a dimensionless parameter.
Gpr Ke Od

Analyzing this equation in a way analogous to the preceding
one, we find that with the flow of a double-phase mixture in a
nozzle, the limiting value under which the temperature lag does not
exceed 1%, can be evaluated according to the formula

1— tmln
’
1 + tmln

K, 2100 (14 Cga) (614)

where tpip is the dimensionless temperature of gas at the end of
the nozzle.

If the values Sto and K substantially differ from the limiting
values then the flow cannot be considered to be equilibrium. In
this case, using the regular laws introduced in this section for
the calculation of double-phase flows, is already forbidden. In
particular, for mixtures with a noticeable lag of the particles in
velocity and temperature it is impossible to introduce concepts
such as damped temperature, pressure, etc. In order to study such
flows it 1s necessary to consider the entire system of equations in
(22) or to introduce other methods of physical analysis.

§4. Equation for the Reduction of Influences in
the Study of Double-Phase Flows

With the flow of a double-phase mixture in a conduit of vari-
able cross section, the gas phase performs an action of accelerat-
ing the particles, accompanied by losses due to friction of the gas
on the particles; between the gas and the particles an intemnsive
heat exchange may take place. Thus, the change in the parameters
of the gas takes place as a result of the simultaneous influence of
a whole number of factors: a change in the area of a cross section
of the conduit, the effects of external work, friction and heat
exchange. The influence of various types of effects upon the basic
parameters of gas flow was most fully investigated by L.A. Vulis
[10]. In particular, he cited equations for reducing the influences
for flow rate, density, pressure and temperature of the gas, des-
cribing the influence of various actions on the change in these
parameters with subsonic and supersonic gas flows.

In the present section we shall attempt to apply the basic
equation for reduction of influences, i.e., the equation written
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s il

for the gas flow, rate, in order to investigate certain cases of
the flow of a double-phase mixture. In the simplest cases, it is

possible to integrate this equation and to obtain quantitative cor- /38

relations between the parameters of the flow. In the more complex
cases 1t may be used for gqualitative analysis, which is very impor-
tant for a correct understanding of the characteristics of double-
phase flows. We shall give (without any conclusion )} the equation
for reduction of influences for the gas velocity obtained by L.A.
Vulis:

( il —'1)—‘-’6—’=~—4i————rdA +dA + (= — 1) (dQ,,+dQ; )
kRT, cr F ERT fr e x fridy (65)

where dAr is the elementary external work of the gas;

dAfy 1s the elementary work of the forces of friction;

d@ey is the amount of heat conducted to the gas from an
external source;

d@fy 1s the amount of heat given off in the flow due to fric-
tion.

For a double-phase flow these elementary influences can be
expressed in the following fashion. The elementary external work
of a gas on the portion dx is equivalent to an increase in kinetic

gK
energy of the particles on the same portion, i.e., dAr = a?-chcK.

The work of the forces of friction of the gas on the particles

x P dx
dAf_r= g 7 (C‘. — CK)

8r K.

= &< (¢, —c,) dc,.
8r

Thus, the complete work of the gas equal to the sum of external work

gx
and work of friction is dAr + dAfp = 7. erdeyg.

T
The amount of heat conducted from the particles to the gas of
gx
a portion dax is equal to df@ex = - 7 cpKdTK; therefore, the total
T

amount of heat conducted to the gas is

dQey+ dQurp =2 [— T + (6 — 6 o).

With regard to the obtained expressions the equation for re-
duction of influences can be rewritten in the form

2
( ‘r — )ﬂ_——_ﬂ___l___g“_crdcx_
kRT, cr F kRT, g (66)
k—1 g
— ¢, AT, c dc
*RT. [ « 1 (Cr )de,]
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In the case of very large particles thelr acceleration and heat
exchange of the gas can be ignored and it may be considered that
dex = 0 and dTg = 0. Therefore, equation (66) has the form of the /34
usual equation of an energetically isolated gas flow:
der dF

M2—1 =—.
( )c,. F (67)

On the other hand, in a double-phase flow with very small par-
ticles it is possible to place ¢r 2 ex = ¢ and Tr = Tx = T3 an
increase in temperature dTx 1s easily determined from the energy
equation (27):

&

8cCp )

Then equation (66) can be rewritten as:

( c2 )dc dF ¢z g dc S g R—Nc,y de

®RT — )¢ T F RRT g ¢ ERT g0 gy c °

Transferring the last two terms into the left-hand side and deriv-
ing complex transformations we obtain

c? de dF
1) & L
< g:nRT > ¢ F

With regard to expression (33) for the equilibrium speed of
sound, this equation can be rewritten in the form

2 de _ dF

where Mp = g— is the Mach number for an equilibrium flow of a mix-
ture. P

Thus, despite the performance of external work by the gas on
particle acceleration and intensive conduction of heat from the
particles to the gas, the equation for reduction of influences,
for an equilibrium double-phase flow corresponds with the equation
of an energetically isolated flow of pure gas (cf. also the preced-
ing section). This is explained by the fact that with an equilib-
rium double-phase flow, the performance of external work by a gas
and the conduction of heat to the gas 1s compensated for by a cor-
responding decrease in the equilibrium speed of sound in the mix-
ture in comparison with the speed of sound in a pure gas.

As is seen from equation (66) in the usual case of the flow
of a double-phase mixture with a lag of the particles in speed and

temperature, a critical section, i.e., a section in which cr/kRTp =
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1, no longer corresponds with the throat of the conduit. The velo-
city of the gas phase in this section is equal to the speed of
sound in a pure gas: er = YKRTp.

Weak perturbations propagating in a double~phase mixture can
have both a periodic nature (sound waves) and a unilaterally direc-
ted nature (for example perturbations elicited by a change in the
area of the cross section of the conduit or by an insignificant
change in pressure in a given section). As was shown in the pre-
ceding section, the speed of sound in a double-phase mixture, /35
depending upon the dispersion and concentration of particles, may
acquire significance within the bounds of a = VngpRT - YKRTr. 1Its
value does not exceed the speed of sound in a pure gas, i.e., a =

VERTy.

The propagation speed of unilaterally directed weak perturba-
tions in the gas phase of a double-phase mixture also cannot exceed
the speed of sound in a pure gas. With a decrease in the intensity
of such perturbations, even the interaction of the phases decreases;
therefore, the speed of their propagation approximates the speed of
sound in a pure gas.

Thus, the maximally possible speed of propagation of weak per-
turbations in a double-phase medium is equal to the speed of sound
in a pure gas. Just such a speed of the gas phase is established
in the critical section of the conduit. Therefore, weak perturba-
tions (both of the periodic type of sound waves and of unilaterally
directed ones), propagating through the gas phase cannot penetrate
from a regicn lying below this section along the flow into a region
lying above the sectiomn. In other words, the critical section
separates the region of flow of double-phase mixtures, in which
weak perturbations are propagated upward along the flow, from the
region of friction in which weak perturbations are borne by the
flow.

Thus with a nonequilibrium flow of a double-phase mixture under
the concept of speed of propagation of weak perturbations, it is
necessary to understand their maximally possible speed, equal to
the speed of sound in a pure gas. Only in the limiting case of
equilibrium flow, i.e., with ¢x = er and Tx = Tr, does the speed of
propagation of weak perturbations correspond with the equilibrium
speed of sound in a mixture.

Since the second and third components in the right-hand sides
of equations (66) have a negative value, from the condition that in
the critical section the left-hand and right-hand sides of this
equation vanish, it follows that (dF/F) > 0, i.e., the critical
section with a nonequilibrium flow of a double-phase mixture is
displaced into the expanding portion of the conduit. In the throat
of the conduit (where dF = 0) the velocity of the gas phase is
determined to be less than the critical velocity, whereupon the
velocity value depends upon the intensity of interaction between
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the gas phase and the particles.

Figure 3 gives the dependencies of f = F/Fg on the number M =
er/YkRTp, calculated according to equation (66) for nonequilibrium
double~phase flow, assuming that the velocity and temperature lag
of the particles from the gas is small., Calculations were conducted
for various values of My = epg/YKkRTrg, k/gpn, where n = 1.2,

As was seen from Figure 3, the critical section and the throat
of the conduit correspond only with a parameter value k/grn = 1.
Since this equation jg only possible where k = n and gpr = 1, this /36
case corresponds to the flow of a pure gas. Where (k/gpn) > 1, the
critical section is displaced into the expanding portion of the
conduit and the minimal dimensionless area of the conduit increases

with one and the same value
F 77 of the number My. Consequently,
\ f@ﬂu:jj/g(/§/4¢;//// with the nonequilibrium
a8l \\_,% /; /6 exhaust of a double-phase
\\~—4///V7 /47 flow from a contracting noz-

J a3 /% /6/ zle, with a critical or super-

qs P 27 5/ // critical drop in pressures,
o

\\\ ’4/ / /

Q4 LA

the velocity of the gas phase
in the exit section of the

15 L= L nozzle remains lower than in
Jooar > the critical section, and
4 the pressure higher than in
7 2 3 & the critical section. Only
0 ; — 3 M with a further expansion of
a double~phase mixture be-
Fig. 3. Relative Area of the Con- hind the cross section of the
duit f = F/Fy as a Function of the nozzle, in the same cross
Number M with a Nonequilibrium section of the stream where
Tlow of a Double-Phase Mixture: the condition
(1) k/gpn = 1.6; (2) k/gpn = 1.4,
(3) k/gpn = 1.2; (4) k/grn = 1
L ——l———g—'ic,dc -+ k—1 &[—c‘,,‘di + (¢, — ¢ ) de],

F kRT; g * kRT: g

is fulfilled, are the speed of the gas phase and the pressure in the
stream made equal to their critical values.
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CHAPTER 2
FLOW OF DOUBLE-PHASE MIXTURES IN JET NOZZLES

Using a high-speed computer, the given system of equations /387
(22), permits a swift determination of the flow parameters in a
conduit of given shape (the initial values of all parameters under
consideration must be known).

However, a parametric study of various double-phase flows, i.e.,
obtaining dependences of unknown values on the basic dimensionless
parameters and defining the flow with the aid of the obtained system
of equations, is very difficult. This is explained by the fact that
the number of such parameters simultaneously influencing a flow is
great. Acutally, even in the simplest case of the flow of a mixture
with small particles, when the interaction of the gas and the par-.
ticles is determined by Stokes' law (Repel < 1), the system consists
of the following dimensionless equations:

duy, cr—Ck
- ’

dg Sto x
dc; 143 dcx diy dpr \ .
o+ K@) (ot 41,80

8r

E—1- g '?;‘:—— 2 ‘

———+ o =Kol =) + ==Ky (1 —4); (69)
: & 2 8r

o _ Ko tr—1i .

dg Sto  <ox

fprcr_—' 1,
T cp T . 24 . .

where Klz-%% K; = %:.; Ky = p%oi K4=3H;K—— are dimensionless para-
0 0

meters.

In order to simplify the equations in this system it was
assumed that in the initial cross section of the conduit the velo-
cities and temperatures of the phases were equal, i.e., cepg = cegp =
eo and Tpg = Txg = To. This assumption is valid in considering the
exhaust of double-phase flows from jet nozzles. Actually, in the
majority of cases, the velocities of a mixture flow in front of a
nozzle are not great; therefore there is sufficient time to equal-
ize the temperatures and velocities of the phases. This assumption /38

will be used below.

From the last system of equations it is apparent that, under
the given initial values of dimensionless unknown quantities CT »
@k, Prs tr and tyg, the solution depends upon the following six
dimensionless parameters: Sto, K;, Ko, K3, Ky and gk/gr. For the
flow of double-phase mixtures with small Repe) numbers these para-
meters can be considered as similarity criteria. Actually, for all
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geometrically similar conduits [f(Z) i.e., for all conduits equally]
with invarious initial values of the unknown quantities and equal
values of the indicated similarity criteria, the solution to this
system of equations will be the same.

In a parametric study of the flow of a double-phase mixture,
even in a conduit of only one given form, it 1s necessary to vary
all six dimensionless similarity parameters which, besides the sharp
increase in the number of calculation variants, as a result of a
significant increase in the volume of work leads to an essential
deterioration of the clarity and visibility of the obtained results.
Where Repegl > 1 the task is complicated even more.

Therefore,it is necessary to find a method of investigation
which would allow, without solving the entire system of equations,
obtaining with sufficient precision and rapidity the most important
characteristics of double-phase flows, depending upon the basic
determining criteria. One of these methods, based upon successive
approximations and broadly used in the study of double-phase flows
in this book, is set forth in the following section.

§1. The Method of Successive Approximations 1in
Studying Double-Phase Flows

As was already mentioned the parameters of a double-phase flow
are determined sufficiently simply only for very large particles,
when it is possible to ignore the interaction of phases, or with
very ‘small particles when the flow can be considered to be equilib-
rium in speed and temperature of the phases.

The flow of double-phase mixtures with small particles which
possess a relatively small lag behind the gas in speed and temper-
ature is of the greatest interest. This case 1s basically considered
in the present chapter. With particle lag behind the gas and
incomplete heat exchange between phases, supplementary losses appear
in the flow, leading to a deviation in the actual parameters of
mixture exhaust from the equilibrium parameters. With moderate con-
centration of particles these deviations are relatively small; there-
fore, it is convenient to perform the investigation with the aid of
successive approximations.

In addition, in first approximation the flow is taken as being /839
equilibrium in velocity and temperature of the phases, since all
parameters of the mixture are easily defined according to the formu-
las for an equilibrium flow.

Furthermore, according to the values of the velocity and tem-
perature of the gas phase found with the aid of the equations for
particle motion (17) and heat exchange (20) the velocity of a par-
ticle and its temperature as well as losses due to friction of the
gas on particles and losses due to incomplete heat exchange between
the particles and the gas are determined.
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In second approximation, using the energy equation, we evaluate
the influence of these losses on the basic parameters of the exhaust.
In addition it is assumed that the velocity and temperature lag of
the particles behind the gas in second approximation remain the same
as in first approximation, i.e.,

¢ =¢ —c,—=idem and AT =T —T,=idem.

"rel (70)
This is explained by the fact that a decrease in the work of

the gas during acceleration of the particles to a significant degree

is compensated for by the losses mentioned above, as a result of

which the increase in velocity of the gas is small. Analogously,

the decrease in gas temperature due to incomplete heat exchange is

compensated for by the heat emitted with the friction of the gas on

particles. Therefore, the differences in the laws of speed and

temperature change of the gas phase along the nozzle in both approxi-

mation may prove to be negligibly small.

If necessary, it is possible to perform a third approximation,
etec.; however, with a moderate concentration of particles (g < 0.4)
and sufficiently small particle dlmen81ons, the second approx1matlon
ensures completely acceptable accuracy in calculation.

The given method of investigating double-phase flows has the
following wvalues:

- simplicity and comparatively small difficulty, since it is
not necessary to investigate the entire system of equations describ-
ing the flow;

- possibility of obtaining a solution to arbitrary expansion
of the particle dimensions;

- clarity of analysis, since specific aspects of the phenomena
are directly considered simultaneously, i.e., friction of the gas
on the particles and heat exchange between phases;

- it provides more visible results since they depend upon a
smaller number of dimensionless criteria than in the case of solving

the system as a whole;

- it is sufficiently accurate since small deviations of the
flow parameters from the ideal parameters are calculated.

The formulas necessary for calculation are presented below,
relative to 1 kg of the gas phase.

1. Determination of the Parameters of a /40
Double-Phase Flow in First Approximation

The thermodynamic parameters of the gas phase in first approxi-
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mation are expressed in equations (27), (29) and (5) in the form
of functions of the velocity in the following way:

_ T = (71)
t= T, =]—8(c*—1);
1
- — 72
pr=_P"_=t" l; ( )
Pro
n
__P____tﬁ.
Po ’ (73)
’ 1
f= 1
ot
(74)
1 &
where 8="2=1 % . ,9 _"R _ .
ngrRTo 2 n—1 P

For determining the losses due to friction of the gas on the
particles we shall consider the motion of an individual particle
under the action of the aerodynamic force P at a certain moment in
time. Here, the gas velocity er and the particle velocity cyx may
have arbitrary values. Let er > c¢yx; then under the action of the
force P the particle is moved at a certain positive acceleration.
The work expendable for acceleration of a particle per unit of time
is dAyx/dt = Pecg.

According to Newton's third law the same force P acts from a
particle on the gas mass surrounding it. Since the gas is moved at
acceleration e¢r, the work expendable by the gas per unit of time
is dAyx/dt = Pey.

The difference in the work expendable by the gas and obtainable
by the particle consists in the loss of kinetic energy of the gas,
becoming heat:

dAqyy dA, dAy
&t dr e =PC.;_§'

The elementary work of the forces of friction with the movement
of one particle by a distance da is

aA,:pﬂ;—e‘-dx, (75)

Let us consider polydispersional mixtures with an arbitrary
distribution of particles according to sizes. Let the mass allot-
ment of the particles, having diameter d, be characterized by the
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distribution function ¢(d), so that

dmax - o~
| o(d)ad=1, (76)

9min

where dpjin and dpax are the minimum and maximum diameters of par-
ticles in the mixture, and d is the diameter of the particles
(variable integration).

The elementary work of the forces of friction of the gas on
all particles with their movement by a distance dx relative to 1 kg
of the gas phase, is

dmax

dA, = dx 5 & o(d)P-Ielg g,
< r grm cK
min

where gy/gr is the mass of the particles per 1 kg of gas;
Iy 6 (d)dd
gr _m_ o T
limits d - d + dd.

is the number of particles having diameters within the

The energy losses irreversibly turning into heat are

x 'dmax

_ ¢ dAc, __ & (1 ¢ ¢ @ Crel 4d
Q=T|Fr=2r| 1] | L8P dx.
0

Cx
Y dnin

Changing the order of integration and considering that the gas tem-
perature is not a function of particle diameter and that the dis-
tribution function ¢(d) does not depend upon the coordinate x, we
obtain

dmax X

‘K ’ i P re g
er='gé7 5 ? (d) T_fﬁﬂcx—‘d‘x da.
1]

min

The coefficient of losses due to the friction of gas on par-
ticles is

Q«fr
A ;
nfr Hldisp
% . .
where diwﬁ:;—-+—H—— is the disposable energy of a double-phase
Er
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flow relative to 1 kg of the gas phase;

' n—1
_n_l RTo[l'—'("‘::‘) " ]"‘ is the maximum work of a polytropic expan-

H=

n

sion of 1 kg of the gas phase.

Between the disposable energy and the velocity of the flow, /42
in first approximation the correlation Hgjigp = e?/2gr is valid.

Using this correlation as well as equation (17), the expression
for the coefficient of losses due to friction can be written in the
form

dm_ax - - ——
An, =g« | Aw 9(d)dd,

min ’ ( 717 )
where
Am, =2 L 07 (o o,
P 3 pud afr T X (78)
In the case of a monodispersion mixture (d = const) the value
Anfp depends only on the coordinate . Therefore, from equations
(77) and (76) we obtain
A'q'fr = g« A"I-f,v' ( 79 )

The lag in particle temperature behind the gas temperature
leads to a deviation in the expansion process of the gas phase from
an equilibrium polytropic process and to a certain decrease in the
work of gas expansion. For determining the decrease in efficiency
of the gas due to incomplete heat exchange we shall consider how
the state of the gas phase changes in the process of a nonequilibrium
expansion of a double-phase flow.

With movement of the particles by a distance dx let their tem-
perature be decreased to the values dTx. With movement gy /gr of
the particles per 1 kg of the gas phase, a heat is conducted to the
gas
dmax

ag. =~ | £ 0@, dT\dd.

min

(80)

Let us consider the case when, in the process of mixture expan-
sion, the temperature of the particles Tk is represented by a linear
function of the gas temperature, i.e.,
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p—

Ty = Ty—e(Tq—T,) or dTy =.aT, (81)

where € = e(d) is the proportionality coefficient;
dTr is the change in gas temperature by a distance dx.

As will be shown below, the same case 1s most characteristic

of double-phase flows with small particles.

From equations (80) and (8l) we obtain

R
er::_—cpk jl e(d)‘P(d)dd dTw
&r min '

For the given law of particle expansion according to sizes, /43
the expression in the brackets represents a certain constant value.
Having designated it as

dmu -
. A~ i~
- [Te@e@ad, (82)
dmln
we obtain
= — 8¢ e*dT
aQ, = Cpx& Al (83)
fr
The equation for the first principle of thermodynamics
dp
dQ, = cpdT — o
with regard to expression (83) can be rewritten in the form
. 8x +\ dTr __ dp
(cort g ™) o = (84)
Integration of this equation gives
n*—1
Tr.____:(___p__)n" (85)
To Po :
where
B L e
n* == Cort &r K R ok Al
" L (6)
Cur+_g:CpK5 & + e
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Thus, in the case of incomplete heat exchange between particles
and gas and with condition (81) the process of expansion of the gas
phase of a mixture follows the polytropic law with n¥*.

With complete temperature equilibrium between the particles
and gas (Tx = Tp) € = €* = 1. 1In this case expression (86) for n*
is converted into expression (30) for the polytropic index of an
equilibrium expansion of the gas phase.

In the case when all particles have equal diameter, from cor-
relation (83) it follows that

e* =g,

(87)

Efficiency losses of the gas phases due to incomplete heat
exchange between the phases will, in the case under consideration,
be equal to the differences in the polytropic work of the equili-
brium and nonequilibrium processes of expansion with the same pres-
sure change:

n—1- n*—|

a4, =n'—_1’_—lRT,,(l—ar ) rry (i),

n* —1

Having divided this equation by the disposable energy of a /4
double-phase mixture, after transformations we obtain the follow-
ing formula for the coefficient of losses due to incomplete heat
exchange between the phases under condition (81):

Mg : _ _ (88)
Ang = =l—— L {I—[—8— 1))},
disp c 8c’n
where
—_ n ne—1 _ l+3
n n—1 ne  14-es (89)

Where €% = 1 (the case where Ty = Tp), # = 1 and Ang = 0, i.e.,
losses from incomplete heat exchange are absent.

Where €% = 0 (heat exchange between phases is absent so that
€ = 0 and Tx = Ty = const) # = 1 +¢ and losses attain maximum
value, equal to the differences in work of the polytropic equilib-
rium and adiabatic processes of expansion of the gas phase with
the same pressure change.

The dependency of the value Ang upon equilibrium velocity of
the gas (mixture) with various values of # and 6§ is presented in
Figure U4,
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Fig. 4. Dependency of Ang Upon the Dimensionless Velocity of the
Mixture in the Case of Polytropic Expansion of the Gas Phase:
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A= =1,6; — — — ~n=1,4;
t 4+ 8 _ N
_______ n=1,2
2. Determination of the Parameters of a

Double-Phase Flow in Second Approximation

Let us consider the basic dependences between the parameters

of the exhaust of a mixture in second approximation. Since in both
the first and second approximation the drop capable of operating in
a nozzle is assumed to be invariable it i1s possible to assume that
the distribution of pressures and consequently even the disposable
energy along the nozzle remain the same as in first approximation.
Certainly, at the same time a certain correction of the flow passage
cross sectional areas of the nozzle is necessary in comparison with
the values which may be determined by formula (74).

The energy equation (27) with regard to losses due to friction
of gas on particles and due to incomplete heat exchange between the
phases can be written thus:

d

02 max 2
— =T 4 8 ~* o(dydd
Hyp o1 —Amy — Bmg) = — + o j o @(drdd. (90)
min
Having substituted the expression ¢K = @p - Cpe1, after trans-

formation, we obtain
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€2 — 2g, ol iC; + gub§ S — 28:H i (1 — By — Amg) = 0. (91)

Solving this gquadratic equation relative to ep, it is possible
to determine the velocity of the gas phase and of the particles.
We shall express them in dimensionless form:

- -
G=cy/ 1— Ang— g — & (1,— gJD) + 8

(92)
€= Cr—"Cry
where ¢ = %_/zgrﬂdisp is the dimensionless velocity of the gas
(mixture), found in first approximation:
d,
’1—§ a@ad Jz-—f " e@ad (93)
min 4inin
Cpel = EF -ecx =c¢ - EK is known from calculating the first approxi-

mation.

The specific impulse of the double-phase flow, per 1 kg of the
gas phase, is

dmax
P,=c + 2 f c9(d)dd.
&r
dmln
Substituting expressions for velocities of the phases, after /46
transformation we obtain
Py= Py )/ 1=t — g — £ (1 — g, (o4)

2
where P, ..L/r Hm5°==ii is the specific impulse of 1/g; kg of a

mixture with an equlllbrium exhaust.

In this expression the value £t (Jo—gJ?) considers the decrease
c2

in specific impulse due to inequality of the velocities of the par-
ticles and the gas on a section of the nozzle.k®

As is known w1th an invariable klnetlc energy of a system the amount
of its motion will be maximum given equality of the velocities of
all its components (author's note).
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If all particles of a mixture have an equal diameter then the
expressions for J; and J,, the velocities of the phases and the
specific impulse, will be written thus:

= —_.__.' == 02
Jl c’rel‘ _Jz_

rel
o =c ]/ L —An,, —Amg — gug (£222)” + 8,
c

T —r—T T (95)

‘rel’

¢ = Ppl/ I;A'rzf;—— Ax, ;gxg,( F‘E"e‘)r.

The temperature of the gas phase in second approximation will
be calculated according to the formula

o

WAl
{r=(_p.) n® +ﬁ.

’
\ Po Cp rTo

where er/cpp is the heating of the gas phase due to friction on
the particles.

This expression can be reduced to the following form:

Ane Hygisp

=

i + ¢piTo (96)
Considering that the distribution of pressure along the nozzle

remains invariable, from the state equation (1) it is possible to

obtain an expression for the relation of gas densities determined

in second and in first approximations:

T (97)

Finally, from the consumption equation (74) we obtain the fol- /47
lowing expression for the relationship between cross sectional areas
of nozzle determined in the second and in the first approximations:

fa tee
T e (98)

In conclusion we note the following. As the preliminary analysis
of the given equation showed, the particle lag ¢rel = €T - ¢k, the
coefficient of losses due to friction of the gas omn the particles
Angy, and the coefficient of losses due to incomplete heat exchange
between the phases Ang directly depend upon the law of velocity
change of the gas along the nozzle. In other words, with a small
deviation in the law of velocity change of the gas along the nozzle
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from the original values, ¢pne1s Anfp and Ang also change insignifi-
cantly.

This circumstance permits one to be limited to the consideration
of several more typical laws of velocity change of the gas along
the nozzle (or of laws of the mixture exhaust in the first approxi-
mation). At the same time the obtained values ¢re1, Anfy and Ang
may be used for determining the parameters of any real exhaust pro-
cess in the second approximation, if only the actual exhaust loss
does not differ essentially from one of the considered laws.

§2. Losses Due to Friction of the Gas on the Particles

We shall evaluate losses due to friction of gas on the parti-
cles with exhaust of a double-phase mixture from a nozzle. We shall
consider the most typical laws of increase in the velocity of the

gas along the nozzle, namely when the velocity of the gas changes
in the first approximation:

(1) according to parabolic law when:

c=V e+ %x or C=YTFE

(99)
(2) according to linear law when
c=_c x or c=1+4E:
o + B2 2 (100)
(3) according to quadratic law when
— 9 -
c=(VCO+BSx) or c=(l+53)" (lOl)
281 BoX B3x
Here &7 = =3 &2 = ——3 £3 = —— are dimensionless coordinates
Co co }/00
along the nozzle;
C“ -9 . C —
31=2_11(Cmax —1), Bz=L_oc(Cmax‘"1), /48
Veo — . . .
Bz = —EZ (Vépax - 1) are coefficients characterizing accelera-

tion of the gas along the nozzle;
Emax - maximum dimensionless velocity of the gas at the end of
the nozzle.

In this section it 1s assumed that the mixture 1s monodispersed.

42



With the aid of the corresponding formulas introduced in the pre-
ceding section, correlations which will be obtained below may be
generalized, even for the case of a polydispersed mixture.

1. Exhaust of a Double-Phase Mixture Where Reypgpy < 1

In the case of a double-phase mixture with small particles,
the motion of which is characterized by numbers Rej,.; < 1, the
equation for particle motion and the expression in ?79) for the
coefficient of losses due to friction acquire the following form:

dexe — k=% .
dx T (102)

2

T c
Amye, = 2gx >y k15 c';,’ dx, (103)

K

h % l8ur
where = ——.
1 PKCZ

Substituting (99) - (101) into (71) we obtain the following depend-
encies of dimensionless temperature of the gas ¢ upon dimensionless
coordinate &7 for the laws of velocity change of the gas along the
nozzle, considered in first approximation:

t=1-—38;
t=\i—8[(l+Ez)2—1];

f=1-—3[(14E)—1]. (1ou)

In the case of parabolic law of velocity change of the gas
along the nozzle (& = V1 + £71) the equation for the particle motion
(102) can be presented in the form

dz d
x =kll/c(2)+2(31x—k17:—. (105)

d=2

This equation may be solved numerically. However, for an approxi-
mate study of the losses with the flow of a double-phase mixture
in a nozzle such a solution is not necessary. We must indicate
that the nature of particle motion in the nozzle is the following:
‘n a certain initial time interval (for small particle which is
small in comparison with the time particles remain in the nozzle)
particles lag behind the gas and are moved with an acceleration,
increasing from zero to the maximum value, equal to the accelera-

tion of the gas B;. Actually, having taken the derivative from the
2
right-hand side of (105) and equating it to zero, we obtain (g;%)max
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e
= B3 ?ﬁ ~ B,, since for small particles cy =~ ¢. Substituting this

expression in the motion equation (105), we obtain the maximum par-
ticle lag ¢ype1 pax = B1/k1.

Ignoring the value of the initial portion, it is possible to
consider that a particle passes through the nozzle with a constant
acceleration B; and a constant lag ¢epe] = B1/k31, whereby its velo-
city is

Cx :‘_::COVI +EI—TF]:--

1

Since in this case Cpe}l << ¢ = eg ¥1 + £;, then the coefficient
of losses due to friction (103) can be expressed thus:

3
L—3% 1

14§ alé'V1+€xU-%ﬂ

A'q‘frlz ge

After integration and transformation we obtain

1= VOV T+ )

Ane = g — , (106)
a(t+)Vsa+y (4+V3)0-Vsa+z))
_ klco _ lBUrGO . ) ) . - 5
where a; = 8. " oxB.d? is a dimensionless parameter; =T

Figure 5 shows the dependence of the value Angpa;/gg = Ai1fr
upon the dimensionless length of the nozzle &; with different values
of the parameter §. As is seen from the graphs, A;f,, and conse-
quently even Angp, are maximum with a certain value of &;. With
greater values of £; the coefficient Ang, is decreased. Since with
d » 0 the value a; > @ , then the coefficient of losses due to

gK

a A]fr, - 0,

friction is Angyp =

In the case of a linear law of velocity change of the gas (¢ =
1 + £5), the equation for particle motion can be reduced to the form

dex (1+g2 .
—_—_— — "—‘l' (107)
d O\ o )
k1 lSuP
where a -— = is a dimensionless parameter The substitu-
Bo pB2d?
tion y = Z— = ) reduces to an equation with separating variables
K
dts dy
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the solution of which is written thus:

1Lty — Y

V1+-ay —azp
1

B[S0 St | L
/sy )

Agigy
S %
onl —- ~
o T
N
N
6z “”1‘/ {5 \R\
/ 820,002 A &\
/ ' 0.005/; \kt
R S i N 1 va—y/\ ]
8=q07 -
‘; — 1

qr g2 9% 06 [0 2 4 6810 20 40 6080 ¥,

a
5. Dependence of the Value of Ajg, = Ei Upon the Dimension-

Fig.
= YT + £, and Rengq <

less Length of the Nozzle £; in the Case of ¢
1.

Analyzing the obtained equation 1t is possible to note that
the limiting value of the quantity y is

yjam=—]2—(l+ /1+—4—) (109)

ay

(y1;p 1s the root of the equation 1 + ajzy - a?_y2 = 0). Where y -

Y1im the value VY1 % asy - ay? standing in the denominator (108)
approaches zero more quickly than the value

2 14 —

4 Gy
Y+ ) .

b5



entering the numerator., Therefore, the right-hand side of equation /51

(108) and consequently even &, approach iInfinity; i.e., with the
exception of the initial portion

‘&r of the motion the ratio between
45=5 velocities of gas and particle y
p atllll does not depend upon the particle
7 coordinate &5, and is determined
only by the value of the dimension-
W — 10 1 less parameter a, according to
formula (109).
20
R 2;=40 Figure 6 shows y = c¢/ey as a
w ) function of the dimensionless co-
0 ! z g ordinate £, for various values of
parameter as. As is shown on the
Fig. 6. Dependence of the graph, the limiting values of the
Ratio y = e/ex Upon the quantity y are attained on a rela-
Dimensionless Length of tively short initial section of the
Nozzle &5 in the Case Where nozzle.

¢ =1 + £5 and Repe1l < 1.
Ignoring this section it is
possible to consider that particles pass through the nozzle with a

velocity

__°c _ 2¢
" Y, im : . '
AR VA
az

With regard to this, the expression for the coefficient of
losses (103) may be reduced to the form

— 143 —3 (1 45E,)2 1
Mo =A== e e (110)

3
4
as (y, . -—1)2 a,('/ l+—_"l)
= ATk e is a dimensionless coefficient.

where A =
Yiin 4
2 14+—+1
as
Figure 7 shows the dependence 52

Az =.A"lfr=1"‘5“‘5(1'*“&2)2 In 1
T gd s (14-E)? 1+5—3 (14§,

upon the dimensionless coordinate of the nozzle £, for various values
of the parameter §. The dependence of coefficient 4 upon the dimen-
sionless parameter a, is given in Figure 8.
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The dependences (106) and (110) and the graphs presented in
Figures 5 and 7 allow us to evaluate the losses due to friction of

Baeef © T ' |
08— ,/- §§\ ' -q002 A
(] 4 i N TN o1 N -
4 NN 4005 as - 4
/ N 05—\
04 S, (17
az / 6"@’ Goo7s wsn 7 i [ —
’7 I . Qo1 )
6 1 2 g 4 5 6 7 8 ¢ [ 0 0 20 N 4 5 a,
Fig. 7. The Dependence of the Fig. 8. Dependence of Co-

efficient A4 Upon Parameter

Value Aj¢, a,(Repel < 1).

1
—— An Upon the
gxA fr VP
Dimensionless Length of the
Nozzle £, in the Case of & =

1 + £2 and Repgy < 1.

the gas on a particle with the exhaust of double-phase flows in the
case of Repeg] < 1 and with a velocity change in the gas in the first
approximation, approximately corresponding to equations (99) and
(100).

For example, with the exhaust from a nozzle 1 m in length of
a double-phase mixture having parameters: ¢ = 1500 m/sec; c¢g = 150
m/sec; gg = 0.25; up = 8 x 107° n-sec/m?; d = 2um; pg = 2000 kg/m3;
To = 3000°K; n = 1.23 R = 300 J/kg-°K; 8 = 0.0028, the coefficient
of losses due to friction Anfp, in both of the considered cases of
exhaust (99) and (100) is approximately equal to 0.15%. With the
same parameters in a particle size of 5 um, the coefficient of
losses Ang, = 1% for & = V1 + £; and Angyp = 0.8% for @ = 1 + £;.

From this example it is apparent that in the case of small
particles (Repg] < 1) the coefficient of losses due to the friction
of gas on particles weakly depends on the law of velocity change in
the gas along the nozzle. Therefore in the first approximation,
losses in double-phase flows with small particles may be evaluated
according to data obtained for the linear law of velocity change of
the gas.

2. Exhaust of a Double-Phase Mixture Where 10 < Repgyl < 1000
For particles of average size, the motion of which is charac-
terized by the number Repngy = 10 - 1000, it is possible to obtain

Cy, = 13/V/Repng1, so that the equation of motion and the expression
for Angp are written thus:
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"
dox _ p le—cd™, (111)
dx Cx

< —7:_ (c— Cx)./’
An%r. - 2g|( 2 S k2 el dx’ . ( 112 )

where ky—=9,75 Y b
pxd /s

For the laws of the flow of the gas phase (99) - (101) under
consideration, the equation for particle motion may be reduced,
respectively, to the following dimensionless forms:

_ ! —_  —s
jCK — bl(l __651)201-—[) (‘/1+§-1-—-CK) /2 1
& o

— 1

dey ‘ oy T (1-+ 82— &)l
= by J1 — 3 (2, + &2 2(n—1) i .

a, = 1 (#a+5)] o ’ (113)

_ 1 B
-3%: by [1— 8 (485 - 662 - 483 + Eg)lz(n_l)w,
Cx

where

— s

k VP' pro_ ‘o
b ..-—-_—--20 C'/l = 9 75 .—-—-——-r —
PTom 0 T ad 2]

——
c
by =2 cifs = 9,75 AT

Ba PKd'I' Ba ’
kao V!”'rpro 1
b, = =975 — % —,
2 Ba pxd'/ s+ Bs

The numerical solution to the equatiomns in (1183), where n =
1.33 and various values of the dimensionless parameters b, by, b3
and 8§ are presented in the form of graphs in Figures 9, 10 and 11.
The values of the dimensionless velocity of a gas determined ac-
cording to formulas (99) - (101) are also plotted on the graphs.
It is necessary to note that the change in the parameter n within
the limits of # = 1.25 - 1.4 weakly influences the value of dimen-
sionless velocity &k-

In the calculations it is accepted that at the beginning of
the nozzle the velocity of the particles is equal to the velocity

of the gas. As a comnsequence of this, on the initial section of
the nozzle the value of Repe]l < 1 and the expression for a coeffic-
24

ient of resistance ought to be accepted in the form (g ﬁg—_f
re

L8



]
1

.!.’:-L'-E - | .- - fl - - — i T _-- | : - —~~-——-'~7
ﬁ .

¥
-
| kA
5 - /:;// /// .///A.
P // ",/ P
/// ,//’ /(/// .
¢ 4 a.s,//’*j/?‘/ ™
. h / / ‘/,/// - - /
. .~ ==
2,4,////0;‘_7&/._A
L=
1 éé/ |
& w0 Ok o 7 2 3 2 5 s 7 8 9 A

Fig. 9. Dependence of ¢y Upon the Fig. 10. Dependence of &y Upon

Dimensionless Length of Nozzle the Dimensionless Length of Noz-
€1 in the Case Where ¢ = V1 + &4 zle £ in the Case Where ¢ = 1 +
and 10 < Repe] < 1000; § = £, and 10 < Repel < 1000:
0.0053 ---- 6 = 0. * § = 0,005 ---- 6 = 0.
Ll —
n - /
- /
A /55
b - aPE; -
8l - . S e
- T’”"7/ p/
7 e=a 5)74//;’/ 0
J
P » ///7//,/
5 . 7//,// P e L
al N . 7/?///// el 40
L]
3 s amy
——
: g .
// W
7 __é/ |

0z gx 05 Q8 0 L2 A 1R IF 20 22 &
Fig. 11. The Dependence of &x Upon the Dimensionless Length of the
Nozzle £3 in the Case Where & = (l+£3)2, 10 < Repel < 1000 and § =
0.005.

49



However, the length of this portion is relatively small; therefore
the difference on an initial section between the accepted law of

resistance (Cyp = ——ii——) and Stokes' law does not lead to significant

VReper
errors in the final results of calculation.

Using the obtained dependence of ¢ upon &3, it is possible to
calculate the significance of the coefficient of losses due to fric-
tion of gas on the particles. Expression (112) for the cases of /586,
exhaust (99) - (101), respectively, assumes the forms -

3—2n \

_ 1— 3¢, (1 — )20~/ T g —g)'/s
An. = — )t .
nfr 2gx 1+51 bly C_K dEl,
3—2n
An — thy 2D+t —c)'h
T = 2 e ) a s,
where ¢ =1—38[(1 +&)2—1j; (114)
3~2n
Av — tby f 2D (1 g2 — s
VIfr. 2gK (l + §3)4 EK dEa,

where { =1 — (1 + &) — 1.

Graphs of the values Angp = Anfn/gk where » = 1,33 calculated
according to these formulas are presented in Figures 12, 13 and 14.
As follows from these figures, with a decrease in the parameters
b1, by and b3 (for example, with an increase in particle diameter)
the value Angy, increases initially, attains a maximum and then
decreases. The value Ang, has a maximum even with a change in the
dimensionless length of the nozzle; i.e., with a change in the
degree of expansion of the gas phase.

In Figure 15 the dependences of Anfp, upon the parameters bj,
b, and b3z are shown with values of the dimensionless length of the
nozzle &3 = 380 and 100, &9 = 5 and 10, &£3 = 0.8 and 2.2, correspond-
ing to the dimensionless velocity of the gas phase é = 5.5 and 10.
Where ¢ = 5.5 the maxima of the values of Anfp, respectively, equal
0.24, 0.2 and 0.18,.

Analogous calculations conducted for double-phase flows with
particles whose motion is characterized by Repngy > 1000 (Cz =~ 0.48)
indicate that with an increase in the particle lag behind the gas
the coefficient of losses due to friction of gas on the particles

continues to decrease. To illustrate, in Graphs 16 and 17 the
- Anfrgf
values Anfp = ——EE—— are presented as a function of the dimension-

less lengths of the nozzle £; and &5 for four cases of the gas flow

e = V1l + &) and ¢ = 1 + &5, where n = 1.33 and various values of
dimensionless parameters:
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- meters by, by, b3 where ¢ = 0.005 and 10 < Rey,g,q < 1000:
5.53 ~——nn 2 = 10.

e =

Calculations were carried out according to formulas (17) and (79)
in which (p was assumed to equal 0.48.

As may be seen from the graphs, with a decrease in the para-
meters b, and bg (i.e., with the remaining invariable conditions

[‘ - - - a—
Ay J L F//]
S
0,6 e Bl R e SR e MR
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012 b,=36 107 e T
I A=
l/ l -1 ~
008 > -~ B
=
0,04 /A/. - e
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- 9gr
Fig. 16. Dependence of the Value of Angyp = §E Anfy Upon the Dimen-
sionless Length of the Nozzle £; in the Case Where ¢ = V1 + &1 and

Repel > 1000: —— & = 0.005: ~--- & = 0.

with an increase in particle diameter) the value Ang, continues to
decrease.

Thus, with the rest of the parameters of the mixture invariable
and a constant concentration of phases, with an increase in particle

diameter losses due to friction of the gas on the particles Ang, =
(gx/gr)Anfp at first increase, reach a maximum and then decrease.
With very small and very large particles, losses due to friction of
the gas on the particles approach zero.
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sionless Length of the Nozzle £, in the Case Where ¢ = 1 + £, and
Re,oq > 1000: ——— § = 0.005; --- & = 0.
§3. Losses Due to Incomplete Heat Exchange
Between the Particles and the Gas

Evaluating the gas temperature Tp from a calculation of the
flow in the first approximation and the velocity of a particle and
Repel according to the formulas and graphs of the preceding section
from equation (20), it is possible to determine the particle temper-
ature Ty, and consequently, even the losses due to incomplete heat
exchange between the particles and the gas.

The particle temperature can be more simply determined only in
the case of exhaust of a double-phase mixture with small particles,
the relative motion of which is characterized by a number Repg) < 1.
In this case it is possible to ignore the second term of equation
(21) and to consider Nu = 2 or o = 2Apr/d. As is known [23], such
a value of the coefficient of heat emission corresponds to the heat
exchange between a sphere and an immobile gas taking place only due
to the heat conductivity of the gas.

Small particles move with a velocity near the velocity of the
gas; therefore, by considering the process of heat exchange it is

possible to assume cy =~ e¢r = ¢ with a sufficient degree of accur-
acy. Then (20) may be rewritten in the form
dfy W T—Te (115)
dx Cp xPrd? c

Let us examine this equation for the same cases of the flow of a
double-phase mixture as in the preceding section: With regard to
expression (71), equation (115) for the laws of flow (99)-(101) may
be rewritten in the following way:

\
for the case where ¢ =V1 + &, :é“ 4- _V—IB;Tt“ =B, "*‘5/‘;:_(1;‘ &) .
1 1 ¥ 1
for the case where E=1‘+52, di._{_- Bz t'=Bgl+a—b“+§2)’;
dgz l+§2 * l+£2 (116)
- dte B. _ .
for the case where ¢= (I + E,)’q d;, 4 T +’§’)’ {, = Bxl +B(l—?-(£,;’;§a) ' J
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where By— 2% G ,p _ 12 1.p 12

cprprd® 2Py ' Cp xPud® Pa 3 CpxPxd? Py Ve

dimensionless criteria characterizing heat exchange between particles
and gas.

With the initial conditions tx = 1 and & = 0 (at the initial /61
moment of motion, the temperatures of the phases are equal), the
solutions to the equation will be, respectively:

1 1 —2B,(V T+E,—1) ]
t,=1—2% —_ =
! [232 +4 (232 Bl)e
V]+11
By
B (117)
=1_a[ 2 E)? (1~~ ) ];
b Bzl TRE Ba+ !
‘B, _ By
t,=l—6[Bs'_e,'+E‘j(l+Es)2e '+E’d23+e I _1J.
0
5,000 "
t S — e l
g |~ . _—
a9 Wt 4 Bl
;?f// a9 = -
\
a8 (f:;;: < ’6//i ~——1 08 , ////4;422 -
%.00 9 P / ) 2 // 7
0 % / /
a7 0690‘7’5 ¥ — I3 A //
y Za% s/ |
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Fig. 18. Dependence of Temper- Fig. 19. Dependence of Temper-
ature tyx Upon ¢ in the Case Where ature tyx Upon ¢ in the Case Where

@ = /1 + £7 and Repey < 1. ¢ = 1 + £y and Repel < 1.

Figures 18, 19 and 20 give the dimensionless temperatures ¢
as a function of ¢t determined by formulas (117) and (104). The
dependence of particles upon the gas temperature in all the cases
of exhaust considered proved to be close to linear. According to
these graphs it is possible to find the value of the coefficient

TO’—TK l—tx
£ == ==
Ty—T, 1—¢t° (118)

entering the expression for the polytropic index (86) and for the
coefficient of losses due to incomplete heat exchange between the

phases (88). The dependency of § upon dimensionless criteria B;,
By and B3 for a number of values and various cases of exhaust is
presented in Figure 21. It is necessary to note that with a linear
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law of change in velocity of a gas the temperature of a particle
and the value of & do not depend upon 8§ but are determined only by
the value of criterion Bj.

In the case of double-phase mixtures with even larger particles
(Repel >> 1) the equation for heat exchange (20) cannot be con-
sidered separate from the equation

Lk . — of particle motion. Moreover, the
10 bg=a01 =t |1 | coefficient of heat emission is no
%ﬁ%%:qj;’<::%%%5?7 longer a constant value, but qepends
89 topt = ,L’;;;// upon the number Repng], according to
Mﬂgﬁ;;jj: /, equation (21). This significantly
02 <17 hinders calculation of heat exchange
015 g/’ o between the phases.
&7 [ —r s
“b// B;=50 §4. Exhaust of a Double-Phase Mixture
‘) Y/ in the Nozzle in the Case Where ¢ =
ai-%”@’ 1 + b(tel™€)d and 10™% < Repel < 100.
49// ' In a majority of supersonic noz-
@ G5 Q7 048 49 e zles the curve of the increase in the
speed of a mixture along the conduit
Fig. 20. Dependence of has a point of inflection: on the
Temperature tx Upon ¢ in subsonic portion it is convex down-
the Case Where ¢ = (1 + ward, on the supersonic portion it

53)2 and Repel < 1. has an approximately parabolic shape

and 1s turned to be convex upward.
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Fig. 21. Dependence of Coefficient ¢ Upon the Dimensionless Cri-
teria By, By, Bj.

The sinusoid shifted relative to the beginning of the coordi-
nate has an analogous nature. However, a sinusoid is a symmetrical
curve, while in real nozzles the subsonic part is usually shorter
than the supersonic so that the point of inflection is displaced
to the left. More appropriate for a description of the indicated
characteristic of the flow of a mixture in supersonic nozzles is
the curve defined by
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c.== 1 4 b(te!-b)a, (119)

where § = % is dimensionless coordinate along the axis of the noz-

zle
L is the characteristic length;

b and g are parameters defining the amplitude and shape of
the curve.

%igw4ﬂ o L Figure 22 shows the

change in the value (e - 1)/
b = (£el-8)q as a function
of £ for various values of
parameter q. It is apparent
from the figure that select-
ing the value of amplitude b
in a corresponding way, the
value of shape parameter ¢
and also the characteristic
length L with the aid of
equation (119), it is pos-
sible to encompass a wide
range of supersonic nozzles
found in practice. If L >
Lc, then the dimensionless
coordinate £, corresponding
to the exit section of the
nozzle becomes less than
unity.

a8

LX)

4

v 0z 04 g5 ns £

Q

Fig. 22. Nature of the Increase In the p?esent section /64
N ; we shall consider the exhaust
in Gas Velocity Along a Nozzle . .
Depending Upon Shape Parameter g. of double-phase mixtures with

P particles in the range of
10™% < Repej < 100. It is possible to replace the experimental
dependence of the coefficient of resistance (C, for a sphere in the
indicated range of change in the Re,, ; number by an analytical
dependence (cf. Fig. 1):

c, =2

rely

—|—1,1. (120)

Moreover, we shall accept the following dependences of coeffi-
cients of viscosity and heat conductivity of the gas upon temper-

ature:

;"r S o S ( Tr >0,75 = {0s75;

r Pro Tro (121)
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(122)

Equations for particle motion (17) and heat exchange (20) in
the given case can be reduced to the following dimensionless form:

dey 1 =~c—0 Ree - (c—c0)?. (123)

dg SfO P‘r El_( + 21.88t0 pl‘ ._CK ’
dix Kq < t—ty
—_— = 0,08 Re0.66) ) —— %
dE Sto (1+ * R‘re]) r ‘_"K ’ (124)

where $o==£ﬁﬁl; _ 2y .
18urol. * 3troCp x
Re, = %ﬁﬁt is a criterion based upon the initial wvalues of the

Hro

parameters of the flow and having the structure of a Reynolds number.

Expression (78) for the relative coefficient of losses due to
friction of gas on particles in this case is written thus:

A_ _—_2L._] (j; —C“‘r"el d’;+ Rep SE _é::el dE)'
Ter @ sto \J'T et U 21,8 J T et ’ (125)

Here ¢ and pr are determined, respectively, according to formulas
(71) and (72) depending upon the velocity of the gas phase deter-
mined in the first approximation from equation (119).

Equations (123) and (124), after substituting in them the
expressions for e, t, Ur, pr, Repel = Regl(& - 2x)prl/fir etc., con-
tain only two unknown values: 2k and tx and may be solved independ-
ent of the remaining equations. However, 1t is convenient to cal-
culate the integrals entering (125) parallel to the calculation of
ck and tx; therefore, when using a computer, all three equations
from (123)-(125) must be solved simultaneously.

After solving such an expanded system of equation it is pos-
sible to define the parameters of a double-phase flow in the second
approximation according to the correlation in (92)-(98).

The dimensionless coefficients Sto, Reg, 8, » and K, entering
equations (123)-(125) must be considered as similarity criteria in
the indicated conditions of mixture exhaust. The first three co-
efficients depend on both the physical characteristics of the work-
ing fluid and upon its initial state; the criterion K, depends only
upon the physical characteristics of the working fluid; the poly-
tropic index of expansion of the gas phase zn still depends upon the
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concentrations of the phases,

We shall consider the obtained system of equations to be
applicable to the exhaust of a high-temperature double-phase mixture
with particles of the aluminum oxide type. The polytropic index of
such a mixture with a concentration of particles up to 30-40% may
change within the limits of 1.12-1.2, However calculations will be
conducted with a certain mean value n - 1.16 = const. This does
not lead to noticeable error in the second approximation with the
determination of the exhaust parameters of a double-phase mixture
from a nozzle if, certainly, calculation of the first approximation
was conducted using the true value of the polytropic index =n.

The value of the parameter K, for such a mixture may be taken
to be approximately equal to 2.15. The change in this parameter
within the l1imits Ky = 2 - 2.5 weakly influences the results of the
calculation.

The system of equations in (123)-(125) was solved with values
of the parameter Ky = 2.15, n = 1,16 and various values of Sto, Reg,
b and § on an M-20 computer. The results of the solution are pre-
sented iIn Figures 23-26. In Figure 23 the change in velocity of
the particles in gas along the nozzle obtained in first approxima-
tion is presented. The Rey,; number, even with the greatest par-
ticle lag, does not exceed 90. At the beginning of the nozzle
Repel + 03 then it increases and, approximately in the middle of the
nozzle, attains a maximum; in the final sectionof the nozzle Repel
decreases significantly due to the rapid decrease in the density
of the gas prevailing above the reversed influence of monotonal
increase in the particle lag.

In Figure 24 the dependences of Ang, upon the length of the
nozzle are presented. In Figure 25 graphs of the dependence of the
dimensionless temperature tx upon ¢ where g = 3 and b = 30 are shown.
This dependence proves to be nearly linear. An analogous dependence
wvas obtained even with other wvalues of b. Only in the terminal sec-
tion of the nozzle, where the velocity of the gas approximates a
constant value, does this dependence diverge from a linear one and
the temperature of the particles approximate the temperature of the

gas.

In a majority of cases, especially if the exit section of the
nozzle under consideration correspcnds to the coordinate g < 1,
it is possible to ignore the influence of the terminal section of
the nozzle on the parameters of the mixture exhaust and consider
that all along the nozzle the particle temperature 1is a linear
function of the gas temperature. It is possible to show that heat
conduction from the particles to the gas on the terminal section
of the nozzle very weakly influences the parameters of mixture
exhaust.

58



Fig.

a--->b
b-——1b
c——-Db

[
. 30 | R l I I ,/,C )
Sto = 0,007 \,\/ /; A
0,002 A 0-u0
28 T ZE A
0'0\7 I§ 4 7 §70 “0
74 T
26l , W/ 7| A
] 02 ] % | Ao
2 WY |2
/(; /:// 60<
221 A M%(S/K; ,/‘:\§:
_ WX L4040
20 : //%/’\/’\/ =
Wil il
Y| ok ¢
18 4 < A [
/72¢é€>, //%?;55
6 / /,:’y //,&”;Z /,
/; /] /‘Z ./’ ::Q&
14 % St T | o
YA a2 |
“d 601 I
/2 \\0'002 19_40 700
~ Sto=0,001
0¢ | =7 e
==
8 AT |
2t N | R
. z N Qo2
qor
4
2
0 Q7 Qs o8 E

10: § = 5+10 -
20: § = 1.25-10"3
30: § = 5,5.10"%

3. Change in the Velocity of Phases Along the Nozzle:

59



Fig.

24,

Aﬁﬁ Re - :
O =5
Y
012 7 PR NN
(AT S
9% / g0 oSS
/] y ,——\ >~ ~
sto=q02 m—
100 \\'\\:\' \\~\ .
Q08 : ol
/ (C) \.\\\\-' \\\\:7:_—_—;‘—””
) Wiy / 0 e S S
05 10 ==
M | w I e
0002+ / N
d < = ———— ==
0.04 V 10 [ ——
| =l
902 Qory / -.40\ I e
60| s
y 100 \
P b \.\\\\ P
/
/ 60 \\*& —
DY) A A ottt P i SN R
. s e
\‘_\\
i ==
406 B S
407 + ’ Y | »
—
Q04 40 P —
0,002 ] | » I S
2,02 / —%0 == __\ﬁ
0ﬂ0’ 60 N“\\\
1} ! /’W‘ =~ Q\ e
L~ I
Sto =402 2 — [~~~
4,06 ! 7/ T ] \:: \*——""__‘
| =
404 [— 00z A / @
a 70
Qo01 >§ P
002 AN = s s SRS
|£ % 10-40 =
0 q7 492 43 o4 @ o5 49 qs &S g

Dependence of the

of the Nozzle &

60

a———Db
b——- b
c—--—Db

tonon

= x/L:

10:
20:
30:

O
n o u

5.1073: ——o-- § = 6,5-1073
1.25-1073: - § = 1.65-10~3
5.5+10 %: - § = 7.25.10""

~
o
3

|



e e

07 Sto=
1
. N 7,
o/,
aor 7 60 ~100 =10
; ; ]
46 Y !
/ Re ;=10-40
L /] e
Qs %l - - 6= 0
Q002 \
A \
04 i A\
sto=q,007 C\}
4 S U | . 5=30
03 04 Q5 Q6 q7 48 g9 Lot ; i L)

W68m7T 2 3 4 6 6102 2 3 & 6 810 sto

Fig. 25. Correlation Between Fig. 26. Dependence of Coeffic-
Dimensionless Temperatures tg ient & Upon Sto Where g = 3:
and £ Where g = 3 and b = 30: ——— Rep = 103 -=-=-- Reg = 100.
§ = 7.25-107%;

----- § = 5.5.10"%

Figure 26 shows the dependence of the value e = (Ty ~ Tx)/(Ty
Tr) upon Sto for all variants of exhaust which were checked. From
the figure it is apparent that the basic parameter determining the
intensity of heat exchange is the Stokes number. Where Sto < 1073

the influence of incomplete heat exchange upon parameters of the
exhaust of the double-phase mixtures can be ignored.

Interpclating (or extrapolating) the obtained results of the
calculation to the case of exhause of a real mixture it is possible
to calculate rather rapidly the parameters of the exhaust and the
shape of the nozzle.

A Calculation Example

To calculate the shape of the nozzle and parameters of the
exhaust of a double-phase mixture having the following parameters:
Tg = 3250°K; pg = 5.10% n/m2, po = 0.1-10% n/m2; k = 1.2; the poly-
tropic index of an equilibrium expansion; n = 1.15; the constant of
the gas phase R = 0.360 kJ/kg:°K; epr = 2.16 kJ/kg-°K; epg = 1.36
kd/kg-°K; ep = 115 m/sec; prg = 4.88 kg/m ;3 zx = 3900 kg/m ; urg <=
8+10~° n-sec/m?2; Aprp = 0.85 W/m.°K; expenditure of the mixture Gpix
17.1 kg/sec; g = 0.3; diameter of the particles d = 0-7pum, and the
function of particle distribution according to sizes
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1 — cos (:Z?n— d-10°)

126
v = 7.10~s (126)

In order to simplify the study we shall ignore losses due to
friction of the flow on the walls of the nozzle; these losses can
be considered supplementally.

For the mixture under consideration dimensionless parameters
are B, = 2.15 and § = 1.05-1073.

(1) In first approximation we shall select a nozzle shape near
the optimal. Its concourse is represented in Figure 27a; the length
of the nozzle in this case is Lg = 0.25 m.

For the selected nozzle shape all parameters of exhaust in first
approximation are calculated according to the formulas of exhaust
equilibrium (71) - (74) or according to the tables of hydrodynamic
functions for the given polytropic index of an equilibrium expansion
n = 1.15.

For the given value 7 = pe/pg = 0.02 the equilibrium velocity
of a mixture on a section of the nozzle e¢c = 2240 m/sec; therefore
Gc = ec/eg = 19.5. Change in the value of ¢ along the nozzle is
shown in Filgure 27b. From this figure it is apparent that the law
of velocity change of the gas in first approximation corresponds
sufficiently accurately with the law studied in detail above, de-
scribed by equation (119) in the case where g = 3 and b = 20 (dotted

curve). However, in the last case where ¢ = 19.5, £ = 0.8. There-
fore, in the exit section of the nozzle under consideration we
accept £- = 0.8. Hence, we shall define the characteristic line L =

xc/Ec = 0.32 m, greater than L¢ = 0.25 m.

(2) The value &pels, Anfp and Ang necessary for determining
parameters of exhaust in second approximation and for correction of
the flow passage cross sectional areas of the nozzle are determined
by extrapolation or interpolation of the results of the calculation
obtained for the law in (119).

~
~1
(@]

For this according to the data from Figure 23 and 24 with the
selected dimensionless length of the nozzle ¢ = 0.8 it is conveni-
ent to construct supplementary graphs of the dependences &ypg3 and
Afifyp upon 8 (Fig. 28). The curves in Figure 28 are constructed
according to two points; their extrapolation onto the region of the
small values of 8§ (dotted lines) is constructed with regard to the
nature of their flow in this region. Furthermore, with the aid of
Figure 28 curves cpe] and Afifp are constructed depending ugon the
Sto already for given values of the parameter & = 1.05.1079; an
analogous dependence of the values of & upon the Sto with the same
value of the parameter § is a direct extrapolation of the curves in
Figure 26. It is necessary to bear in mind that where 6§ - 0, € +> 1.
The curves mentioned are presented in Figure 29.
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(3) The parameters Sto and Rey for particles of different
diameters contained in the mixtures and corresponding values of
Crels Anfp and e, determined from the graphs in Figure 29, and also
the values of the function particle distribution according to sizes
(126) are presented in Table 1.

TABLE 1
- - r
Partlc}e Diamete o . ) R . s . ,
in U.mr N ) )
Stke108 o fo,1 [0,39| 0,88] 1,57 | 2,45 |3,5 | 4.8
Re, o |7 14 21 {28 |35 p2  l49
Crel 0 {04 |1,1 |2 |28 [3.14 |42 |5
Ay fr 0 |{0,028{ 0,055 0,08/ 0,095 0,12 | 0,135/ 0,148
£ 1 |0,985| 0,915 0,86 0,82 | 0,775 0,74 | 0,71
7 ¢ (d) 10— 0 (0,377 1,225 1.9 | 1.9 [ 1,225| 0,377] O

(4) Using the data from Table 1 according to formulas (82),
(86), (89) and (93), we shall determine the values of Anfp = 0.026,
e* = 0,846, J; = 2.33, Jp, = 6.41, & = 0.27, n* = 1,156, # = 1.035
by numerical integration.

(5) According to formulas (88) or from Figure 4 we shall deter-
mine the value Ang = 0.0074.

(6) According to formulas (92), (94) and (96) we shall determine
the values ep/e = 1.018, Pd/Pp = 0.982 and tr/t = 0.998.

Thus the velocity and temperature of the gas phase on a section /71
of the nozzle differs only insignificantly from its velocity and -
temperature with an equilibrium exhaust. This confirms the correct-
ness of the assumptions made above on the weak difference in the
laws of distribution of velocity and temperature along the nozzle
in both approximations; i.e., on the possibility of taking cepe1l and
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Finally, from (98) we obtain that 7 = 0.98; i.e., the exit

section of a nozzle must decrease by 2% in comparison with the noz-
zle calculated for an equilibrium exhaust.

(7) For correction of the shape of the nozzle (i.e., for
changing all of its other sections including the critical) it is
still necessary to conduct analogous calculations for two or three
intermediate sections. Correction of any flow section of the noz-
zle may be performed by interpolation of results of calculation.

(8) Thus with the exhaust of the mixture there are: losses in
impulse due to particle lag behind the gas and due to incomplete
heat exchange between the phases is approximately 1.8%; decrease in
efficiency of the nozzle due to friction of the gas on the particle
Angp = 0.026; decrease in efficiency of the nozzle due to incomplete
heat exchange Ang = 0.0074. In particular, this confirms the well-
known hypothesis that particle lag behind the gas influences the
g¢pecific impulse of the mixture significantly more strongly than
incomplete heat exchange between the phases.

(9) In the case of a monodispersed mixture with particles from
1-7um in diameter and with the same other parameters according to
the data of Table 1 and formulas (78), (79), (88) and (95) the
parameters of exhaust are determined immediately in the second ap-
proximation. Results of calculating the exhaust of such mono-
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dispersed mixtures with different particle diameters are presented
in Table 2.

TABLE 2
“Particle )
Diameter 0 1 2 3 4 5 6 7
um o
Crel 0 |04 1,1 2 2,8 3.4 4,2 4.8
AquF=gKAi&} 0 |0.0084|0.0165]0,024 |0,0285]|0,026 |0,0405| 0,0445
3 1 |o,985 |o0,015 |0,86 (0,82 (0,775 [0,74 | 0,71
n 1 |1,01 |1,02 |1,03 }1,04 |[1,05 1,057 | 1,065
Ang o |o0,003 |[q.,006 |0,0084}0,010 |0,0114]|0,0126{ 0,0134
/e 1 |1,004 {1,008 |1,014 {1,019 {1,025 |1,032 | 1,038
PP, i {0,994 |0,988 |0,983 |0,977 {0,973 |0,968 | 0,964
b/t 1|1 0,9995 | 0,999 0,998 |0,997 |0,996 | 0,994
filk 1 |0,99% (0,992 {0,985 |0,98 |0,973 | 0,965 | 0,958

§5. Experimental Studies of Nozzles in Double-Phase Flows

In recent years, attempts at experimental determination of
particle lag according to temperature and velocity behind the gas
have been made. Also, the other parameters characterizing exhaust
of a double-phase mixture from a nozzle were studied.

Thus, in article [20] results are presented of the experimental
determination of the temperature of particles with an expansion of
a double-phase mixture in a nozzle. It was shown that the temper-
ature lag of particles of MgO with a diameter of 1.85um is 150-180°C
with a gas temperature on the order of 1400-1800°K. These data
are sufficiently close to the calculated values of temperature lag
obtained for the same conditions of flow.

In study [21], the lag of MgO particles with a diameter of
~ 3um on a section of nozzle with a thrust of 4500 n was determined.
The amount of particle lag was judged according to the light absorp-
tion of a double-phase mixture, depending upon the local concentra-
tion of particles, i.e., upon the correlation of velocities of the
phases. A satisfactory correlation between experimental and cal-
culated velocity was obtained from the experiment.

In [55], the velocities of aluminum particles suspended in
helium for a section of a subsonic nozzle were determined photo-
graphically. The particle lag obtained was somewhat less than the
calculated lag, which may be explained by the irregular shape of
the particles and also by the rapid equilization of the velocities
of the phases for the nozzle section.

In article [35] losses of thrust in tonic and profiled super-
sonic nozzles are compared. It proved to be the case that experi-
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mental values of the losses of thrust in full-sized nozzles corres- /73
pond to their calculated values with sufficient accuracy.

In study [11], the expenditure of the double-phase mixture
through a nozzle 1s measured. In order to evaluate the influence
of particle lag on the expenditure, the subsonic part of the nozzle
was made of different configuratiom; the diameter of the nozzle
throat was equal to 6.35 mm. The double-phase mixture consisted
of glass spheres suspended in nitrogen or helium. An increase in
the concentration of particles in the nozzle axis zone in its super-
sonic part with a sphere diameter of 1l4.4um was noted in the experi-
ments; a certain separation was noted even with the diameter of the

spheres equal to 2.7 um,

Careful experiments with subsonic
nozzles on a mixture of air and powder
particles with d = 10 um or iron
spheres with d = 20, 80, 350 um [30]
indicated a satisfactory agreement
between experimental and calculated
values of impulse in the range gk =
0.2 - 0.8.

Despite a certain disconnected
and fragmentary nature of the published
experimental results, they will allow
us to establish that all the theoret-
ical dependences based on their assump-

7T

O
g Airsﬁpﬂy tions analogous to those made in this
o to nozzle book (relative, for example, to the
~ selection of coefficients of resistance
and heat emission of a particle,
Fig. 30. Schematic Drawing linearity of flow, etc.) are satis-
of an Apparatus for Study- factorily confirmed by the experiment.
ing Nozzles: (1) Nozzle;
(2) Corpus; (3) Xnife Results are presented below of
Suspension; (L) Sylphon the experimental study of the opera-
(5) Collector; (6) Thermo- tion of subsonic conic nouzzles on
couple; (7) Full Pressure double-phase flows conducted by the
Cap; (8) Dynamometer author of this work together with
Sylphon; (9) Valve Appa- D.L. Podvid. Investigations were
ratus. conducted on an apparatus in the form

of an elbow-shaped pipe suspended like
a pendulum on legs and connected with the basic aerial magistral
by a sylphon (Fig. 30). 1In the process of the experiments such
parameters of flow as expenditure of air (G ~ 1 kg/sec) total nozzle
thrust (Ry =~ 350 n), temperature, static and full gas pressure in
front of the nozzle, expenditure of suspended phase, etc., were
measured.

Moreover, the experimental apparatus insured the possibility /74
of studying the operation of nozzles with walls covered by a liquid
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film. For this purpose, on the corpus in front of the nozzle a
ring collector distributor was fixed which provided a thin layer
of liquid on the internal surface of the nozzle. The liquid was
supplied at an angle to the axis of the nozzle not exceeding 15°.
This decreased the possibility of tearing the film from the walls
of the nozzle under a high velocity of feeding the liquid.

1. Study of the Exhaust of Double-Phase Flows

In the process of the experiments conic subsonic nozzles with

a length of L, = 36*and 76 mm, intake diameter Dg = 85 mm and exit
diameter D, = 55 mm were studied. The nozzles worked on air and
on double-phase flows consisting of a mixture of cold air (¢ = 20°C)

with one of the following components: (a) particles of water scat-
tered by a centrifugal nozzle; (b) particles of powder; (c) particles
of coal ash removed from TEC electrofilters; {(d) aluminum powders.

The basic parameters of particles are presented in Table 3.

. ) TABLE 3 ] - ‘
Average Specific Coefficient
Suspended Phase Density pg Particle | Thermal of Heat
kg/m3 Diameter | Capacity Conductivity Ak
Hm CpK J/mesec+°K
J/ig-oK

Water 1000 100 4190 0.545
Talc 2700 10 872 -
Ash 2300 [ 12.5 755 1.26
Aluminum powder 2600 ‘ < 5 890 201

In the process of the experiments the degree of pressure lower-
ing in nozzles corresponded to the reduced velocity of the gas phase
Ap = 0.9 - 0.95.

We shall compare the specific impulses of single-phase and
double-phase working fluid flows having equal parameters upon en-
trance into the nozzle and discharging intc the medium with the
same pressure. The specific impulse of a double-phase flow can be
calculated according to formula (95). The specific impulse with
exhaust of a pure gas without regard to losses due to friction on
the nozzle wall is

Po:‘cga=V2Hfdisn ad (127)

e . . .
where Hdisp-ad = Hgg + 5— is the disposable energy for expansion

of a pure gas;
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k—
p !
Hd=:E:TRﬂ{l——(;;)k.]adiabatic work of the expansion of 1 kg of gas.

ad'

The relative increase in specific impulse of a double-phase

flow is
Crel 2
1—Ane —Ang—gugr ( )
et -—Po Hd'|5p c
AP, = ]/ l/ — L (128
¢ Hyisp.ad &r )

Analogously, it is possible to obtain a formula for determina-
ting the relative decrease of expenditure of the gas phase through
the nozzle in comparison with the exhaust of a pure gas:

AG. == Go=Cr _j__y/ &Hdise o,
r G, Hdisp.ad

(‘/ ——Anf-*Anq——gxgr ”e’) + g 2=

4
where Gy = Feeadpaq is the expenditure of pure gas with exhaust
without losses;

<ad
T;

) (129)

Gp = Feeppr is the expenditure of the gas phase with exhaust
of the mixture.

Due to the great tendency for aluminum particles to scale (they
have the form of scales with a maximum diameter of around 5 um) it
is possible to ignore their lag behind the gas flow and consequently
even losses due to friction of the gas on the particles and due to
incomplete heat exchange, i.e., the flow of the double-phase mixture
with aluminum particles can be considered to be equilibrium in speed
and temperature. In this case APC and AGP will attain maximum values

F 1 Hdi
(APc)max = V'—"——E__ ]v
& Hyisp.ad
ng Sp k—1 n—}
. _/=
(AGr)max_‘l_‘/ = )k no,
Hd1sp ad\ Pe

These values of AP. and AGr calculated according to formulas
(128) - (130) are shown in Figures 31 and 82 by solid lines. As is
seen from these figures, a satisfactory agreement between experimental
data and calculated data was obtained.

(130)

_ The dotted line in the figures indicates the maximum value of
AP, and AGr, calculated given the condition that the particle lag
and consequently losses due to friction may be ignored and that heat
exchange between the phases is absent; i.e., the flow is equilibrium
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in speed phases and completely nonequilibrium in temperatures of
the phases.

AG 6ol
AP~ P Po e 7
5 N 5 S
. /; R . R Y i
4 y o 4 ) //
/| e /’// Smpi
/1o < L4 /
2L _7?1//n!/° pe RS ’ ‘%g{,o/g 7
o }3}4—;’ d , ¥ BEGERN =
! )/ 2 . - , _//éc -l /.E/AJ/
2 U 1. s | E&, A Xy
dhk 22T o
0 2 4 6 8 W0 12 % 1 g% 0 2z & & & W 17 % T6g%

Fig. 31. Dependence of APC Upon rig, 32. Dependence of A@F Upon

the Concentration of Particles the Concentration of Particles
(Lo = 76 mm): ® = Water; o= (Lo = 76 mm): @= Water; © =
Talcy O = Ashy; © = Aluminum Talcy; O = Ash; o = Aluminum
Powder; & = Water (Lo = 36 mm). Powder; @ = Water (Lo = 36 mm).

2. Study of the Influence of a Liquid Film Covering the
Walls of the Nozzle on Losses in the Boundary Layer

With a nozzle using a double-phase working fluid with liquid
particles, its walls are covered with the film formed by particles
precipitated from the flow. The presence of a liquid film on the
walls of the nozzle moving with velocity substantially less than the
velocity of the gas can lead to a change in the losses in the bound-
ary layer and conseguently to a change in the velocity and expendi-
ture of gas. In order to study the influence of a film on the
effectiveness and thrust of a nozzle, a comparative investigation
of the same conical nozzle working on ailr with clean walls and with
walls covered with a film of water or diesel fuel DS was conducted.
The study was conducted in the range of the reduced velocity Aad =
0.4 - 1 and with relative liquid expenditure in the film gjiq = 0 -
0.6.

Two equations were used for processing experimental data: the
equation for gas expenditure and the equation defining the change
in specific impulse per 1 kg of the gas phase.

The equation for gas expenditure through the nozzle with clean
walls can be written in the following form:

G VT % o)
= 0,059m. - W
A 0,059, .9 (Phaad 2~ (131)
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where

k41
= 2 Ve,
mc—”'_‘/k(wl) ’

-1
= (e R m)E—_n )
q(tplad)—( ) (1 e 1 ey Phed

w( )= Pe s m(gh, ) = 22,
2 Py Pe

Agq is the reduced velocity of the adiabatic isentropic exhaust
corresponding to the degree of pressure lowering p./po%;

¢ is the coefficient of gas velocity.
The equation for gas expenditure through the same nozzle but

with walls covered with a liquid film will have an analogous appear-
ance:

GrV;‘(; LU

————— =0,059m, — AQ)h. | ——2——

oy (Fo— 8F) A o (e ?) d] = (g — Bg) l"ad] (132)
where AFc = mDed8film change in the area of the exit section of the

nozzle due to the presence of a liquid film on its wall;
8fiim 1s the mean thickness of the film on a nozzle section; /78
Ap = ¢ - ¢film is the decrease in the coefficient of the gas
velocity due to change in losses due to friction and the vortex

formation in the boundary layer;

¢f£i1m 1s the coefficient of gas velocity in the nozzle with
walls covered with a liquid film.

Let us examine the specific impulse per kg of gas discharging

from the nozzle. With exhaust from a usual nozzle
Rﬂ .
Pozz—G—o—z(p;\a&a,crn (133)

where Ry 1is the total thrust of the nozzle;

. k . ey e .
a, = E%T RTo* is the critical velocity of gas flow.

With exhaust of the gas from a nozzle with walls covered with
a liquid film the specific impulse per 1 kg of gas is equal to the
sum of the impulse of 1 kg of gas and the impulse Qliq/gr kg of
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film, i.e.,:

gﬂirb. )
£gr Film

R
Ps =7;‘2r—=( —AQ)hal +

where ¢gji1y is the mean velocity of the film on a sectlon of the

=*,Cil_i_fl_andg —_GP—_
Gi1iq *+ Gr r G1iq t+ Gr

concentrations of 1iquid and gas.

nozzle; gliq are the relative mass

The mean film thickness §fij1p and its mean velocity on a sec-
tion of the nozzle efiinp are related by the expenditure equation
for a liquid

913
= q =
Gliq gr Cr TTDcdfilmpliqcfilm’
whence
o _ gliq ) GP
film Ir Dcsfilmpliq

With regard to this correlation, the expression for Py can be reduced
to the form

% 91iq\? “r
q
P. = (¢ - BIA_.a +(———) P I P (134)
2 ad”er 9r ] "Peleiinfiiq

The relative change in specific impulse in a nozzle with walls
covered with a liquid film is:

= PZ‘PQ MG 91iq\ 2 Gr
PP = mE T v Y\ g ) v e b o g (19%)
0 gr ¢ film"1liq' ad’cr
As was already noted, in the process of conducting the experi- /79

ment the wvalues T . po, Pes GT s Gllq and Ry were measured. The
velocity coeff1c1ent ¢ of the nozzle with clean walls is easily
determined by selection according to the expenditure equation (131).
Therefore the two equations (132) and (135) contain only the two

unknown values A¢ and 8fi1p and represents a closed system. For
the case of exhaust of cold air from a nozzle (k = 1.4)
GP/T: w(kad)
— T = 0.0uouql(¢ - A¢)Aad] »ﬂ[(d)_'MMad] 5
poF |1-Lfiim (136)
0 c D g G
c = A lig \? T
AP = - 9. ) s g
gr e filmpliq¢ ad%cr
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The values of A¢ and S8filpm are also determined from these equations

by the selection method.

In Figures 33 and 34, dependences of the relative lowering

of

air expenditure through a nozzle with walls covered with a film

Abr %

7% /

1 Q=Emm/’ ;
P,

’ |\ A

§
© LQ‘JF mm
b o 2 0 . - A
° °
2 °
®
0 q2 Q4

e,

Fig. 33. Dependence of. AGp
Upon the Concentration of
Liquid (Water, DS) With Agg =
0.4 - 1.

from the concentration of the liquid phase.
according to the mean values obtained from the

AP %
c

%
1 /2

A
7,

17

.

Q4 S

Fig. 34. Dependence of AP, Upon
the Concentration of Liquid (L, =
36 and 76 mm); Aad = 0.4 - 1:

= Water; = DS.
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AGr = (Gg - Gr)/Gy and values

AP. upon the concentration of the
liquid phase are given. It proved
to be the case that the relative
increase in the specific impulse
of a nozzle with walls covered
with the film does not depend
upon the lehgth of the nozzle;
the increase in specific impulse
in a nozzle with a film of diesel
fuel DS is somewhat greater than
in a nozzle with a water film.

Figure 35 shows the depend-

ency of the impulse gi1iq/gr (kg)
of a film per 1 kg of gas direc-
ted to the impulse of a gas,
ol _ Pfilm _ gliqcfiig -
film P0 gP¢Aadaér

(gliQ) ro
gr TTDccsfilmpl:i.qq”\aéla[cr
Curves were drawn
experiment.

. %
9
Peitm®

//
//
a
0 4//
/4
/
4 747 Le=36mm
/4 Le=76 mm

J Q2 Q4 gliq
Fig. 85. Dependence of the Rel-
ative Impulse of a Film Pfiip

upon the Concentration of Liquid:
(a) Experimental Curves; (b) Cal-
culated Curves: —— Water;

DS.
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It proved to be the case that the relative impulse Pgjjp of
the DS film somewhat exceeds the impulse of a water film. Conse-
quently, despite the substantially higher viscosity {(viscosity of
DS is 3-4 times higher than the viscosity of water), a DS film has
a velocity on the section of the nozzle equal to or greater than
the velocity of water. This indicates that the flow of a film in
a nozzle is not laminar but of a clearly defined wave nature. As is
well known, with intense wave flow of a film the basic transfer of
the liquid mass takes place in the wavesg themselves, whereupon the
velocity of the waves may substantially exceed the velocity of the
flow of the lower layers of the liquid. Moreover, with a wave
flow the crests of the wave may be broken off and carried away by
the gas flow (superficial dispersion), which also increases the
relative impulse of the film.

In connection with this it is necessary to note that the mean /81
thickness of the film 6fi1p., determined from the system of equations
in (131) and (185), is a conditional value corresponding ‘to the mean

velocity of the liquid flow.

A change in the value Pfilm obtained by calculation is also
shown on Figure 35. Calculations of the flow of a liquid film in
nozzles was conducted with the aid of Carmen's integral correlation
with the usual assumption for the calculation of a boundary layer.
In addition the surface of the film is assumed to be smooth and the
flow to be steady.

As is seen from a comparison of the curves the calculated and
experimental values of the relative impulse of the film correspond
only with a low concentration of the 1iquid phase (or with small
thicknesses of the film or small Refgj]py numbers). With values of
gliq greater than 0.08, the  experimental curves have a break and
the value of the relative impulse of the film begins to increase
swiftly in comparison with the calculated impulse. The divergence
of experimental and calculated curves can be explained by the fact
that where gliq is greater than 0.08, the nature of the film flow
changes. While before the critical value of g1iq the film flow is
of laminar nature and its surfaces smooth, with greater expenditure
of 1liquid the flow becomes unstable and wave-like. Energy trans-
mitted by the gas to the undulating film is much greater than the
energy transmitted by the gas to a smooth film. Therefore the
velocity of flow and the impulse of the film begin to increase
swiftly in comparison with their calculated values.

The decrease in the velocity coefficient A¢ of nozzles with
walls covered by a liquid film, depending upon the concentration of
the liquid, is presented in Figure 36. The decrease in the velocity
coefficients in a nozzle with films of water and DS prove to be
approximately equal. As is seen from this figure, with small con-
centrations of the liquid A¢ < O0; consequently, in this region the
velocity coefficient of the nozzle with walls covered with a film
is higher than that of a clean nozzle. This alsc indicates that
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with small expenditures of liquid, a film has a smooth surface; in
addition, the thickness of the film exceeds the height of projec-
tion of the original roughness of the nozzle walls by 2-4 times,
which allows one to consider the walls to be aerodynamically smooth.

An increase Iin the liquid consumpticon in the region correspond-
ing to the minimal value of A¢ leads to the appearance of capillary
waves on the surface of the film. Evidently, in the region where
the curve intersects the axis of abscissas the roughness determined
by capillary waves is equivalent to the original roughness of the
nozzle walls., With a further increase in the liquid expenditure
the film flow becomes wave-like and forces in the boundary layer
sharply increase.

With large values of gjjq the decrease in the velocity coef- /82
ficient in a long nozzle takes place more intensely than in a short
nozzle due to the increase in total friction surface of the first.

In Figures 37 and 38 the value A¢ = ¢ - ¢fjim ©of a short nozzle

. i S£i1mCEilmPyig G1iq
is shown depending on the Refijj number = = =
Hlig mDeliiq

and upon the reduced gas velocity Agzg. In these figures points are
plotted corresponding to experi-
mental values of Agd and solid

= ¢ - beiin? ; .
be ¢ ﬁ}lm curves corresponding to a certain

d o'f // mean value of lad. As is seen
7 B from a comparison of the curves,
)/'t//. the criti?al Va%ue of th? Ressinm
6 -+~ . number, with which the film flow
Le=75mm_/ o L acquires an intensive wave nature
5 VA B (the region of the intersection
1/0 of the curves with the abscissa),
4 ° for a water film is higher than a
o / DS film: ReH,0,cr = 300 - 500, and
J /bo - T Repg,ep = 60 - 80. It is necessary,
o A evidently, to explain the influ-
2 %0 & O S ences of the forces of surface
b o 4 Lezgbmm - tension. The coefficient of sur-
! o’/)ﬂ face tension of water is approxi-
0 L2 ofi% (R , mately 2 times greater than DS
B3%e 42 &4 #91iq diesel fuel (og,p = 7-°10-2 n/m;
~1 ] ! | opg = 3:1072 n/m). The surface
tension inhibits the formation of
Fig. 36. Decrease in the waves; therefore, with an increase
Velocity Coefficient of the in the coefficient of surface ten-
Gas in a Nozzle With Walls sion the value of the critical '
Covered by a Film of Water Refi1p number is displaced towards
and DS. the region of greatest values.
For a water film the obtained values of the critical Refiip /83

numbers are rather close to the values of this same parameter
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obtained in [65] where the flow of water films in a cylindrical
tube under the action of a gas flow was investigated.

It is necessary to note that due to the great turbulence of
the flow and the influence of particles precipitating on the surface
of the film, in full scale jet nozzles and in turbine grids the
critical Refijim number, with which the wave flow of the film begins,
evidently is much lower than in conical nozzles studied in the
present section.

Ad = & - b o Finally, in Figure 39 re-
w film sults are presented of experi-
mental determination of the height
0 of the wave crests H and the
thickness of a double-phase
2 boundary layer 84gp in the exit
section of a nozzle. The measure-
7 ment was performed by a special
probe 0.3 mm in thickness analog-
£ ous to a Pitot tube. Moving the
probe across the flow on a sec-
5
A = %
' ¢ ¢ ¢film°
4 - 4 = /
dn N A
o
2 2 — “50/
[y
oo , 2
¢ @‘l 1000 W00 Re 0 k\%o‘/}(/‘;é/ zLo
-1 | I | film -1 : I Refilm
Fig. 37. Decrease in the Velo- Fig. 38. Decrease in the Velo-
city Coefficient of the Gas in city Coefficient of the Gas in
a Nozzle With Le = 36 mm Depend- a Nozzle With L. = 36 mm Depend-
ing Upon the Rep,p Number and ing Upon the Repg Number and
Reduced Velocity of Gas Aag. Reduced Velocity of the Gas Xiad.
Conventional Conventional
Signs || o] +|,V le |o Signs |wm|o]e]o

N \0,35 ‘ 0,45 | 0,58

0.65‘0_85‘0,95 Mg | 0,4 | 0,6 ‘0,8 ‘ 1,0

tion of the nozzle was accomplished with the aid of a micrometer
screw.

The calculated thickness of a smooth film of liquid S§film »
is shown in the figure (by dotted line) as well as the actual mean
thickness of the film S8¢53,, obtained with elaboration of experimental
data from the system of equations in (136). As is seen from Figure
39, the heights of wave crests H exceeds the mean thickness of the
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film 8f31pm by 8-5 times. The thickness of a double-phase boundary

layer 8dp formed due to the removal of a certain portion of the

liguid by the gas flow proved to be approximately 10 times greater
than the maximum height of

idb;H;Gfilm mm the wave crest.

In conclusion, we note
that since experiments were
qe conducted on cold air, i.e.,
/{. with an absence of intense
. heat exchange, evaporation
// of the 1liquid, precipitation
o |7/ 1 of particles, etec., the re-
/| sults of the investigation
which have been presented are
basically only of a qualita-
tive nature.

ey
J
y
N
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§6. Similarity Criteria and

Characteristics of Experimen-

tal Investigations of Double-
Phase Flows

Ffilm The similarity criteria
J of a physical phenomena can

0 & & 91iq be obtained from the system
of equations describing this
Fig. 39. Dependence of the Thick- phenomena reduced to dimen-

sionless form. Complexes com-
posed of physical constants

ness of the Double-Phase Boundary
Layer &8db, the Height of the Wave

Crest H and the Mean Thickness of
the Water Film S§film Upon the
Concentration of the Liquid Phase

and initial values of para-
meters entering the equations
as coefficients serve as simi-

larity criteria. If we do
not succeed in composing sys-
tems of equations, i.e., the connection between the parameters of /85

(Aag = 0.8 - 1.0).

the phenomena not explained in the similarity criteria can be obtained
on the basis of a m-theorum by means of an analysis of the regu-
larity in the physical parameters influencing this phenomena.

In the simplest case of a linear flow of a double-phase mixture
with small particles in geometrically similar nozzles, the following
values entering the system of equations in (69) serve as similarity
criteria:

Sto — Coprd? K, = R.T, C K, g rTo : K fchTo'.
1= 75 2 1 3 =

18p.L,° PO =72 2 ’

0 o e,
A . &
Ktl = — .
,SP'GCK &t
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If, at the same time, the flow of a liquid film along the walls
of a nozzle formed by precipitating particles is considered, then
it is necessary to add the criterion characterizing the film flow:
_ Cfiin’film,

€film Vi > (137)

R

The criterion characterizing the interaction between the gas phase
and the film is:
__Prer
K. = — % & .
5 pC ..

K film (138)
The criterion characterizing the relationship of the forces of
viscosity and the forces of surface tension:

K, = YCrilm
s (139)

and others. In view of the large number of criteria it is practic-
ally impossible to have a complete similarity with experimental
studies. Therefore the most important processes are simulated and
investigated separately.

For complex phencmena for which it is impossible to present
a system of equations, dependences between dimensionless criteria
obtained on the basis of dimension theory are determined with the
aid of experiment. TFor the most simple phenomena having a satis-
factory physical and mathematical model, an experiment 1Is necessary
in order to confirm the accuracy of assumptions in formulating the
problem; this is especially pertinent to problems with a great
number of eguations and dimensionless parameters determining the
phenomena. Furthermore, it is possible to determine dependences
between the most important parameters of a phenomena with the aid
of a computer.

We shall rely on certain characteristics of the experimental
study of double-phase flows. In measuring the total pressure of 86
the gas phase of the usual Pitot tube, the particles penetrating
the intake adjust the gas and distort the instrument readings.
Adjusting the change in the amount of particle motion penetrating
the cylindrical intake part of a Pitot tube, the pressure differ-
ences on a braking portion, we obtain that the magnitude of error
in the measurement is

Ap'= k. &< pcoAc,.
P g oot (140)

The relative magnitude of error is

Bp _p 8 Gl
p e RT’ (141)
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where ke is the coefficient characterizing the deflection of par-
ticle motion from the rectilinear with a flow around the intake por-
tion of the nozzle;

Ap/p % gx=4! 405

d // eg is the velocity of the mix-

ture at the polint of measurement;

§ 7 q

/ // Aey is the change in the par-

4 / /4 ticle velocity in the nozzle.

; //C/C:/ e In first approximation it is
:>/;/ P o En=qu possible to judge the value ko for
’<:A/’ a Pitot tube according to the
== formula

4 90 200 300 400

Gm/sec

Fig. 40. The Maximum Rela- k =-———§f-__'
tive Error in Measuring 0125+ Stop (142)
the Total Pressure of the
Gas Phase by a Pitot Tube:
Ry = 288 J/kg-+°K: where the diameter of the tube

T = 300°K —-=---- T = enters as a linear measure into
1000°K the expression for Sto. Where Sto <

0.05 it is possible to accept ko = 0.

With a total deceleration of particles the error attains a
maximum value

A, & 0
P cgr RT (1u3)

The maximum error for air, depending on the velocity of the
flow, is presented on Figure 40 (k, = 1).

According to reference [54], the distance at which the velocity
of a particle in an immobile gas lowers to zero is

l — Copx?
AT 18 (14yu)
For example, in it where ¢g = 100 m/sec Ipgx = 2 mm where d = 1 um

and Ipgx = 50 mm where d = 5 um. Since the length of the intake
portion of a Pitot tube does not usually exceed several mm, then

where d > 6 um it is possible to ignore deceleration of the par-

ticles in the nozzle, and consequently even an error in the measure-
ments. However, with large particles it is possible that the liquid /87
phase striking the intake portion of the nozzle and the conduit

leading to the measuring instrument may influence the results of the
measurements. Therefore axial or cylindrical nozzles are usually
provided with a drainage opening (Fig. 41) and also provide for

blowing air through them.
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Still greater difficulties arise in measuring the temperature
of the gas phase, since a thermocouple in a double-phase flow with

. ]
b I s——
(b) P aane——
-
. (&) (o ST =
Drainage i — -
opening
Fig. 41. Schematic Drawing of Fig. 42. Schematic Drawing of
Nozzles for Measuring the the Test Intake: (a) Velocity'in
Total Pressure of the Gas Phase the Intake Less Than the Flow
in a Flow With Liquid Particles. Velocity; (b) Velocity in the

Intake Greater Than the Flow
Velocity; (c) Isokinetic Test
Intake.

liquid particles 1s covered by a film isolating it from the exter-
nal flow. Insofar as particle temperature may greatly differ from
the gas temperature, thermocouple readings will not be reliable.

In the majority of cases the temperature of the gas phase is deter-
mined by calculation (for example, according to the heat balance
equation) or by a translation of the temperature measured in the
zones protected from the action of the liquid phase.

Selection of tests of a double-phase flow must be conducted in
such a way that the velocity in the intake portion of the intake
valve remains equal to the velocity of the basic flow (isokinetic

test selection). In this case error due to deviation of the tra-
jectories of the particles in front of the intake valve will be
minimal (Fig. 42). Such an equality of velocities can be obtained

by maintaining static pressure inside the intake valve equal to
the static pressure in the external flow.
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CHAPTER 3

THE OPERATION OF A TURBINE ON A DOUBLE-PHASE FLOW
WITH A CONSTANT CONCENTRATION OF PHASES

§1 . Basic Characteristics of the Operation of the
Turbine Stage on a Double-Phase Flow with Liquid
Particles

As experimental studies show, the flow of a double-phase mix- /88
ture with liquid particles in the flow portion of a turbine is of
a very complex nature and possesses the following characteristics:

(1) The flow is characterized by sharp reversals and great
acceleration. Therefore, the particles, due to their own inertia,
noticeably lag behind the gas; as a result of the losses due to
friction of the gas on the particles arising here, the flow process
is irreversible.

(2) The flow 1s accompanied by a redistribution in the con-
centration of phases along a section of the flow portion due to the
inertial lag of the particles behind the gas flow. This redistri-
bution is especially intensive In the blade apparatus where the
velocity of the gas sharply changes in volume and direction, and
also in the axial clearance between the nozzle and working blades
under the influence of the great vortex of the flow.

(3) All the elements of the flow portion of the turbine (in
particular, its nozzle apparatus) are covered with a film formed
by particles precipitating from the flow. Large particles (d >
10 um) precipitate out under the action of inertial forces; pre-
cipitation of small particles (d < 1 pm) is of a turbulent diffuse
nature. Moreover, thermophoretic precipitation of particles may
take place in cooled blade rims.

(4) The film surface, under the action of turbulent flow
pulsations and the impact of particles striking it, acquires a
wave-like form, whereby the height of the crest, the waveforms and
velocity of their motion depends in the first place upon the vis-
cosity, surface tension and thickness of the layer of liquids,
velocity and density of the flow, nature of the boundary layer and
upon the curvature of the wall along which the film flows. It has
still not been possible *to establish the precise dependence of
height and form of the waves upon the basic parameters determining
the flow. However, it is known from experiments that the height
of the crest increases with an increase In the mean thickness of
the layer, viscosity of the liquid and whirling of the boundary
layer and decreases with an increase in the density and velocity
of the gas flow.
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In conduits with cooled walls with a temperature near the /89
freezing point of the liquid phase, the liquid phase "freezes" on
the walls, which leads to a further deterioration of the flow con-
dition.

(5) Tearing away from the exit edges of the nozzle blades and
also from the internal and peripheral surfaces of the flow portion,
a film under the action of gas forces is fragmented into secondary
drops, the diameter of which may reach several tenths of a milli-
meter.

Such drops substantially lag behind the gas flow and strike the
working blades under large negative angles of attack, causing a de-
crease in the effectiveness of the turbine, and with prolonged ex-
pPloitation, even erosional wear of the working blades.

(6) In the expansion process of a double-phase flow, heat
exchange between the phases takes place in which heat i1s conducted
from the particles to the gas. Therefore, the effectiveness of the
gas phase 1s somewhat increased. With a moderate degree of expan-
sion (my < 2) and a particle concentration gy < 0.1 the increase in
the effectivenss may be from 1 to 2.5%.

However, due to intensive precipitation of particles on the
walls of the flow portion, the surface of the division (heat ex-
change) 1s sharply curtailed. And although due to the low velocity
of the film flow equal to (0.05 - 0.15)cr, the time the liquid phase
remains in the flow portion is significantly increased, and the co-
efficient of heat emission from the liquid to the gas increases due
to the increase in the relative velocity of the liquid and the gas,
and the total amount of transmittable heat may decrease by several
times. As a result of this, in the majority of cases, especially
with a moderate concentration of the liquid phase and a particle
diameter d > 10 um, the increase in efficiency of a gas phase due
to heat exchange with particles may be ignored in first approximation.

In turbines operating on double-phase flows with liquid parti-
cles, supplementary losses appear. These losses may be classifed
in the following way.

(1) Losses in the nozzle apparatus accumulating from: (a)
losses due to friction of the gas on the particles; (b) losses with
the separation of particles onto the nozzle blades (the kinetic
energy of the particles is almost completely lost when they precipi-
tate onto an immobile surface); (c) losses due to friction of the
gas on the liquid undulating film covering the nozzle blades, as
well as the internal and peripheral surface, bounding the flow pro-
tions of the nozzle apparatus.

(2) Losses in the axial clearance between the nozzle and work-
ing blades, consisting of: (a) losses due to friction of gas on the
particles; (b) losses with precipitation of the particle onto the
peripheral wall; (c) losses due to friction of the gas on the liquid
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undulating flim, covering the internal and external surface in the
axial clearance.

(3) Losses in the working wheel, the majority being losses /90
due to impact of the liquid particles on the input edge of the work-
ing blades, and due to scattering of the liquid phase toward the
periphery. It is possible to ignore the increase in profile losses
on the working blades, since the film is directly scattered by cen-
tripetal forces to the periphery, and therefore its thickness on
the working blades does not exceed several hundredths of a milli-
meter, even when the fluid is very viscous. However, in blades

having erosional wear profile losses can be significant.

(4) Losses in the radial clearance. The viscous 1liquid phase,
separated out onto the peripheral surface in nozzles and in the
axial clearance in front of the working wheel, flows out under the
action of gas forces in the radial clearance above the working wheel.
With a small concentration of the liquid phase, this leads to a de-
crease in radial clearance and, consequently, to a certain increase
in the effectiveness of the turbine. However, with great expendi-
tures of the liquid phase the end of the working blades may touch
the wave crests. This leads to a decrease Iin turbine effectiveness,
and also may cause an increase in vibrational stralins in the work-
ing blades. Therefore the radial clearance must be chosen in such
a way that the ends of the blades do not touch the wave crests of
the liquid film in all operational regimens.

Therefore it is necessary to consider the possible deteriora-
tion of the parameters of turbine operation due to a decrease in the
nozzle flow sections and a change in the reactivity of its stages.

With a very viscous liquid the flow sections of the turbine may
be decreased by 5-10%, which will lead to a decrease in gas expendi-
ture through the turbine in comparison with a turbine operating on
a pure gas. In the case of such a turbine working in a gas turbine
system or iIn a stationary gas turbine Installation system, this may
lead to a decrease in the margin of stable operation and even to

compressor stalling. Therefore, in calculating the effectiveness
of turbines on double-phase mixtures it is necessary to consider the
clogging of flow sections by a viscous liquid film. In the case of

a liquid phase of low viscosity such as water or kerosene in & mod-
erate concentration (gy < 5%), it is possible to ignore clogging of
the flow section stages.

A change 1In the reactivity of the stage depends upon flow sec-
tion clogging in the nozzle apparatus by a film which decreases the
reactivity of the stage and upon the interaction between the gas and
the particles in the exhaust prccess, which increases its reactivity.
Actually, with the same pressure drop, the exhaust velocity of a
mixture is less than the exhaust velocity of a pure gas. Therefore,
with an invariable circumferential velocity, the flow angle B; and,
consequently, even the geometric configuration of the film in the
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working wheel sin Bj;/sin B, increase. It is well known that this /91
leads to an increase in the resistance of the working grid; i.e.,
to an increase in the reactivity of the stage.

With large (d > 15 um) and very viscous particles, clogging of
the flow sections by film is the predominating factor and the re-
activity of the stage decreases. With small particles (d < 5 um)
and particles of low viscosity, the second factor predominates and
the reactivity of the stage increases. With high expenditures of
the liquid phase a change in turbine reactivity may be significant.

1. The Flow of a Double-Phase Mixture in the
Nozzle Apparatus of a Turbine

The flow of a double-phase mixture in plane and ring-nozzle
turbine grids was studied by a number of investigators [28,37,61],
and also by the author of the present book. Let us consider the
basic characteristics of such a flow.

Particles Separation on Nozzle Blades

Due to the sharp change in the value and direction of the gas
phase velocity in nozzle apparatus, the suspended phase lags behind
the gas phase. Large particles may be deflected from their original
rectilinear motion and precipitate on the intake edge and concave
surface of nozzle blades (inertial separation). Small particles

Precipitate onto elements of the flow portion due to great flow

turbulence.
In reference [54] the following empirical formula for deter-

mining the coefficient of particle separation on the surface of a
cylinder with a double-phase flow flowing past it is presented:

(Sto)?

ke = Giop £ 0,77 Sty + 0,23 ° . (145)
copyd?
where Sto = i@;;ﬁ— 5
cp = velocity of a mixture far from the cylinder;
D = diameter of the cylinder.

It is apparent from the formula that where Sto > 7 the value of kc
is near unity; where Sto < 0.2 it is possible to accept ko = 0.

The value of k, characterizes the degree of deviation from the
rectilinear in the direction of particle motion. Where k, <<1 the
Particle trajectory corresponds to the line of gas flow; where , =1
the particle motion is rectilinear.

With flow past the nozzle blades of a turbine it is possible
to accept l-cos y as a characteristic measurement, where 7 is the
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length of a profile chord; and y is the angle of the profile arrange-
ment (cf. Fig. 71). Assuming the mixture velocity and the nozzle
entrance to be eg = 200 m/sec; l-cos Yy = 3:.10-2 m and the relative /92
pitch of the grid to be ¢/7 = 0.6-0.8, from the condition Sto > 7 B
we obtain the following limiting values for particle diameter, with
which their tdétal separation takes place on the nozzle blades:

d > 8 um for particles of mercury in mercury vapor;
d > 15 uym for particles of ash in hot air;
d > 16 um for particles of water in water vapor.

We shall determine the particle
diameters for the same grid from the
condition Sto < 0.2, with which it
is possible to ignore inertial separ-
ation:

d < 1.5 um for particles of mer-
cury in mercury vapor;

d < 3.5 um for particles of ash

Fig. 43. Particle Trajec- in hot air and particles of water in
tories in the Conduit of a water vapor.
Nozzle Apparatus:

d= 10 um: For particles with motion char-
————— d= 70 um. acterized by a number 0.2 < Sto < 7,

the value k, may be evaluated accord-

ing to formula (145). Of course, this volume formula is applicable
only in rough evaluations. 1In order to determine the actual parti-

cle trajectories in interblade conduits and the degree of settling
on the convex surface of the blades, it is necessary to consider the
equation for particle motion with regard to the velocity gradient
and gas density transversely and along the interblade conduits.

Such a problem is solved by the method of finite differences
in [37] for the case of particle motion with a density of pyx = 785
kg/m3 where T% = 1200° K and p = 0.5+-10°% n/m2. The particle velocity
in front of the grid was assumed to be equal to the gas velocity.
It was assumed that in a narrow section of the conduilit the flow
velocity is equal to the speed of sound.

The basic parameters of the grid where /7 = 0.7 together with
the results of calculating the trajectory of particles with diame-
ters d = 70 ym and d = 10 pym are presented in Figure U43. Particles
with diameter d > 70 uym all settle on the convex surface of the
blades; particles with diameter d = 10 um are only partially separ-
ated. More than 40% of such particles pass through the grid without
impact on the convex surface, whereupon the velocity increases to
approximately 0.8 of the gas velocity behind the grid.

With a decrease in gas pressure the inertial separation of the

particles is increased. Thus, with pressure d = 0.15-10°% n/m2 and
the same conditions, total particle separation takes place even where
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d = 40 uym. This is explained by the corresponding decrease in gas
density which causes particles to move with less curved trajector-

ies. The results of the solution also depend upon the viscosity of

the gas. With a decrease in the viscosity of the gas, particles /93
lag behind the flow more stronglv; therefore their separation in- T
creases.

Analogous calculations [40] for ash particles with a density
of py = 3000-4000 kg/m3? showed that in a typical grid of gas tur-
bine nozzle blades almost total particle separation takes place
where d > 12 um.

The values of the coefficient of separation kc, determined from
calculating actual particle trajectories in interblade conduits,
Proved to be somewhat greater than those calculated according to
(145). This is explained by the approximate nature of formula (145)
obtained under conditions of a flow passing around a cylinder at
low velocity. A sharper gas velocity gradient based on quantity
and direction in the in _.erblade conduits in comparison with the case
of flow around a cylinder and a significant decrease in gas density
and viscosity along the conduit lead to more intensive particle
separation on the nozzle blades.

The coefficient of particle separation is a function of the
angle of flow revolution and of grid thickness; with an increase in
the latter this coefficient also increases. NWith a decrease in par-
ticle diameter inertial separation becomes weaker. Particles with
a diameter d < 1 um may Precipitate on the surface of the blades
only under the action of turbulent pulsations in the flow and diffu-
sion. Considering the high level of turbulence in the flow portions
of the turbine, it is possible to assume that the separation of small
particles is also very intensive.

The precipitation of particles from the flow is facilitated if
the nozzle (or working) blades are highly cooled. In this case, a
supplementary force produced by the temperature gradient and directed
toward the cooled surface affects the particle moving in the boundary
layer5; as was mentioned, such a force is called thermophoresis.
Experimental studies presented in [42] confirmed the influence of
this factor upon particle precipitation and, in particular, showed
that particles settle on a cooled plate more intensively than on a
non-cooled one; when the particle temperature was substantially
greater than the flow temperature, particle settling generally did
not take place.

5 For air it is possible to assume that the thicknesses of hydro-
dynamic and thermal boundary layers are approximately equal.
(Author's note).
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Flow of Liquid Film Along Nozzle Blades

The interaction between liquid particles precipitating out of
a flow and the wall to a great degree depends upon particle size and
upon whether the liquid was "wetting" in relation to the surface.
With the impact of large particles, possessing a high degree of /9u
kinetic energy on a wall, it is possible that an intensive scattering
of the particles themselves may take place, as has already taken place
on the surface of the film. The secondary drops which are now formed
are carried by the gas flow. Atomizing small particles hardly ever
takes place.

Atomization outflow of particles is significantly increased if
the liquid does not wet the surface. In addition, particles bounc-
ing off the surface maintain a high velocity and the formation of a
solid film on the surface is improbable. Such a flow pattern is ob-
served, for example, in gas turbines with external liquid cooling,
when the particles or water or another cooling agent are sprayed
directly into the gas flow in front of the nozzle apparatus.

However, in the majority of cases the liquid phase wets the sur-
face of the flow section of the turbine. Therefore, the particles
cling to the surface, theilir velocity sharply decreases and they flow
together to form a solid liquid film covering all elements of the
nozzle apparatus of the turbine. If the particles are large, then
the thickest film forms on the concave surface of the nozzle blades
due to inertial particle separation. On the convex surface of the
blades a film forms due to inertial particle separation on the in-
take edge as well as turbulent diffuse separation of small particles
on its surface.

The flow of a film along the surfaces of the flow section of a
turbine, iIndependent of the liquid consumption, is always wave-like.
This is explained by the high level of turbulence in the flow mov-
ing past the film, and also by the intensive nonstationary processes
taking place on the surface of the film (precipitation of particles,
atomization and carrying away of some of the liquid).

The wave nature of the film flow was noted in particular in
[61], which studied the flow of moist water vapor in nozzle apparatus
with an initial degree of moisture of up to 10%. The same article
"noted elevated pulsation of the film in the region of a vapor vor-
tex.

With an increase in the viscosity of the liquid, the height of
wave crests noticeably increases. TFigure 44a shows a photograph of
a nozzle blade of a turbine after its operation on a double-phase
flow with viscous particles. The wave nature of film flow and also
the increase in wave intensity in the zone of a vapor vortex is
readily apparent. Evidently a liquid film covering elements of the
flow portion of a turbine has already acquired an undulant surface
with a consumption corresponding to a relative concentration of
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liquid gx = 1 - 1.5%.

Centrifugal forces arising here strongly influence the shape of

a film surface flowing along a curvilinear wall. Calculations show
that centripetal acceleration acting on the film flowing along nozzle
blades may exceed 100-200 g. Therefore on the concave surface of /95

the nozzle blades the roughness of the film (height of wave crests),
despite its greater mean thickness, is usually significantly less
than on a convex surface, where centrifugal forces strive to tear
the film from the surface and thereby increase the roughness of the
fidm.

Also, the existence of a
binary boundary layer which is
sometimes observed on the convex
surface of the blades must be ex-
Plained by the effect of centris
fugal forces. Actually, drops of
liquid formed by carrying away of
some of the film by a turbulent
gas flow are affected, on the one
hand by forces related to turbu-
lent pulsations of gas and forces
striving to decentralize the drops
along an entire section of the
conduit, and on the other hand,
by centrifugal forces scattering
drops toward the convex surface
of the blades. Equilibrium of
these forces leads to the forma-
tion of a stable double-phase
boundary layer on the convex sur-
face. In contrast, on the concave surface of the blades the forces
mentioned in one direction strive to remove particles from the wall;
therefore, the existence of a binary boundary layer on the convex
surface of the blades is improbable.

‘Fig. 44. A Nozzle Blade After
Turbine Operation on a Double-
Phase TFlow With a Viscous
Liquid Phase.

Experimental investigations show that with a significant change
in liquid consumption in a film the mean thickness ¢f the film and
the height of wave crests change significantly. This is explained
by the fact that an increase in consumption is primarily due to the
upper layers of the film having maximum velocity.

Losses im Nozzle Apparatus Due to the Double-Phase
Nature of a Flow

As calculational and experimental investigations have shown,
the mean flow velocity even of a film of low viscosity (such as
water or kerosene) does not exceed 10% of the velocity of the gas
flow attracting the film. Therefore it is possible to eliminate,

with a sufficient degree of accuracy, the case of a gas flow around
an immobile and very rough surface.
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"It is well known that the surface roughness of nozzle blades /96
substantially influences their effectiveness, since losses due to -
friction and vortex formation in the boundary layer increase with an
increase in roughness. The coefficient of profile losses in a nozzle
grid with rough walls with the exhaust of a pure gas can be calcu-
lated according to the semi-empirical formula of G.Yu. Stepanov

[51]:

Cpough ° (0.05 = 0.08)50-25%, (1u46)

where € = H/1 is the relative surface roughness;

H is the height of the elements of roughness;

7 is the length of a profile chord:;

a 1s the width of the narrow section of the interblade
conduit. As follows from formula (1l46), with IiIncreased surface
roughness the coefficient of losses fpough may attain large values.

Analogous losses are observed even in a nozzle grid operating
on a double-phase flow with liquid particles. With an increase in
the viscosity of the liquid, the roughness of the film iIncreases and
losses due to friction of the gas on the wall also increase substan-

tially.

From the graph in Figure 45, obtained by the author of this
book experimentally, it is possible to see the influence of viscos-
ity of the liquid on the decrease in efficiency of a turbine system
when the flow portion is covered by an undulating film, in comparison
with the same stage without a film. In the experiments particle
concentration in the flow gx = 3- 8% partlcle size d = 5-30 um;
particle density pyx = 1000-1260 kg/m degree of reaction of the
stage p ~ 0.3 and u/cygq = 0.5. On the graph it is apparent that the
decrease in turbine efficiency due to an increase in losses due to
friction of a rough film in nozzle apparatus Anrou h is directly pro-
portional to the logarithm of viscosity of the llqu1d phase. With
an increase in the degree of reaction of the stage, the value of
Anrough decreases somewhat due to a decrease in drop in heat oper-
ating in a nozzle apparatus. The value of Anpough weakly depends
even upon “/cad, since with a decrease in the number of turns the
reaction of the stage usually also changes.

For a liquid of low viscosity (for example, water) Anpough does
not exceed 1.5%. On the other hand, in the case of a highly viscous
liquid (1iquid slag) the losses comprise the fundamental portion of
all supplementary losses caused by the double-phase nature of the

flow.

We note that the remaining losses of the second kind in nozzle
apparatus, i.e., those due to friction of the gas on the particles
and with particle separation on the nozzle blades with moderate
particle concentration in the mixture (g < 5%) do not exceed 0.5%
If necessary, these losses can be determined more accurately from a
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detailed calculation of particle motion in nozzle apparatus.

Several authors relate energy expenditures of the gas during /97
break-up of the liquid film to losses in the nozzle apparatus. T
However, for the typical turbine stage the coefficient of these
losses Anpy = QFZO/czad is negligibly small. (In the given expres-
sion Fy is the total surface of all secondary drops formed upon the
destruction of the liquid film). TFor example, in the case of a

water film with gy = 0.1
and d = 1 um the value

A%mugh% . of Anp, < 0.1%.
72 T d/r
w Nas '// A double-phase flow
e is heterogeneous upon
8 /_’/ exit from the nozzle ap-
// paratus. In the case
6 o of large particles and
” their intensive separ-
4 ~ . ation on the blades the
5//, basic part of the 1liquid
2 = - is concentrated in the
0/9T/ | edge traces where the
WE234 6W° 234610234 607 2346 102 liqu;i gllm.flg"”ng frgm
Wln2/sec the ades 1s destroyed.

In the nucleus of the
flow there are only small
particles which do not
precipitate on the walls;
the velocity of these

o particles is near the

0 velocity of the gas.

Fig. 45. Coefficient of Losses Due to
Friction on the Film in the Turbine
Stage Anypough As a Function of Viscos-
ity of the %iquid Phase:

u/egqg = 0.5; gx = 3-8

2. The Flow of a Double-Phase Mixture in Axial
Clearance Between Nozzle and Working Blades

Let us consider the motion in the axial clearance of the parti-
cles formed upon destruction of the film flowing from the nozzle
blades. For the sake of simplicity, we shall consider the clearance
to be so small that radial particle displacement may be ignored.

In this case, it is possible to assume that particles are attracted

by a gas flow having a constant velocity. In the case of short

blades (Dy/hp > 8) it is possible to consider that the velocity of /98
the flow, flowing past all particles, 1s equal to the velocity of

the gas on the mean diameter. In the case of long blades (Dp/hy < 4)
the velocity of the flow flowing past a particle depends upon the
radius, on which the particle is formed, and it is necessary to de-
termine it with regard to a change in the degree of reaction accord-
ing to blade height.

89



Particle Motion in a Flow at Constant Veloeity
of the Gas Phase

We shall write the basic ratios characterizing particle motions
in a double-phase flow at constant velocity of the gas phase. De-
termining the value of the coefficient of particle resistance from
the dependences in (13), it is possible to express the force acting
on a particle from the gas and also the equation for particle mo-
tion in the following way:

P=kmc_, forRe. <1
P = kymcs for 10 <Re, ., < 100G; (1u47)
P = ksmcfe] for Re ., > 1000;

and
dC( 1
d'{e *klcrel"
99
. dcrel' =‘k2€l‘5; (148) —_—
dt rel
__de .y 2
151 _kscrel’ ]
. — " S . . . .
where el — _ 24 o _ dec @ is particle acceleration; S is the path
dt dr dt dr?

which particles may take;

. 18u, . _ VPrPr . ___ Pr
b=t b= 05T g — 036

Doubly integrating the motion equation and substituting the
initial conditions: where 1 = 0, CGpe] = Cpe1 ¢ @and S = 0, we obtain
the following expression for relative velocity ¢pe; and paths which

pParticles may take, S:

qre,h =L 0 e—k.‘t;

(1+ Vqéelﬁ kz-c)._.z; (149)

Crer=Crem
— -1
crel'_ cre]’O (I + C«,.e]ﬂ ks") ?

and

S = ct — _c.I:_‘"_ (] —_ e—k,-:);
1

2V

o —); (150)

S =c¢t— _— A
2+ RV Crennt

S = [\l —_k;_ ]n(i + kscrel’o‘c)'
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We shall determine losses due to friction of the gas on parti-
cles. The elementary energy loss with a particle motion gy/grm,

per 1 kg of the gas phase, ddg, = gxﬁ'PcreldT° Having substituted

here the values of P from (147) and the value dt from (148), we ob-
tain that for any range of variation in the Reypgj number the ele-

mentary energy loss is dAg, = —gK Crel1dCyre1s and the complete energy
T
loss due to friction is
2 2
A = g Cre10™ Grel -
if PR 2 (151)

As is apparent in (149), for sufficiently large time intervals the
value e,,7 > 0, and losses approach the maximum value

_ 8« Crer0
Aqfrmax_'_gr —_“'2 - (152)

From the equations in (151) and (149) it is possible to obtain the
following dependences of losses on time for all three ranges of
variation in the Re,,; number:

A, = _E':__.C'geio (1 — g—2r7);
Fr &r 2 ’
A _ & Crero [1— _16 ]
e g2 24+ RV 6en ) (153)
2
4 8 Srenn [1—~———‘ ]
fr & 2 (ks 02

Particle Motion in the Axial Clearance of
the Turbine

Usually for particles formed with destruction of the film in

axial clearance, Repnep > 1. Moreover, it is possible to ignore the
velocity of the film flow from the exit edges in comparison with
the gas velocity and to consider c¢pe; o = ¢1, where e¢; is the gas /100
velocity in axial clearance. In this case expressions for velocity
and the path traversable by a particle in axial clearance as well
as for losses due to friction may be transformed to (Re,,; = 10-1000):
Cx 4 7 2\t
2
“ +l (154)
—-— 3
¥ = kax — 'c_
Veisina 241
2
4 2
and =& 111 =) |. (155)
Afr &r 2[ (2+‘)J
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where o; is the angle of flow exit from the nozzle apparatus;

T = kgoVe1t is the dimensionless time of particle motion.
‘ : Figure U6 represents
% . - the parametric dependence of
ex/ey; upon x, calculated
] J— - according to (134). As the
e e .
4/,:::——-' graph shows, particle veloc-
4 H==" ity increases most sharply
4//” in the initial phase of
Gt motion. With the same axial
/, clearance & and a decrease
& in particle diameter (k»
increases) the dimensionless
0 @ G @ g 2 .z coordinate & and, consequent-
ly, even the ratio cx/ec3
Fig. 46. cy/c; as a Function of x: itnerease.
10 < Repey < 10003 With the aid of this

————— Reype1 > 1000. graph it is possible to de-

termine that the increase in
velocity of particles with a given size in axial clearance is small.
For example, if up = 8+10"° nesec/m?, pp = 2 kg/m3, pg = 1000 kg/m3,
a1 = 20°, x = 20 mm and #; = 400 m/sec, then the dimensionless value
of axial clearance £ = 0.36, 0.9, 0.033, and the ratio of velocities
ex/e1 = 0.55, 0.33, 0.15, respectively, for particles with diameters
d = 100, 250, 500 um.

It is necessary to bear in mind that particle acceleration in
the axial space is accompanied by deformation and fracturing; there-~
fore, the above-~given evaluation is correct only in first approxima-
tion. However, it allows us to trace the influence of very important
parameters such as viscosity, density and velocity for great parti-
cle density due to particle acceleration 1in axial space. TFor example,
in the final stages of turbines operating on moist water vapor

ug = 2+10"% n+sec/m? and pyp < 0.2 kg/m3, therefore with the same /101
vapor velocity and amount of axial clearance as in the preceding ex-
ample, the ratio e¢x/e; = 0.25, 0.1, 0.05 for particles with diame-

ters 4 = 100, 250 and 500 um, respectively. The weak particle ac-
celeration of the condensate in the axial spaces during the final

stages of condensation vapor turbines is indirectly confirmed by the
fact that only in these stages does erosional wear of the working

blades often occur. With a vapor pressure p > 0.3+10% n/m? and
increased axial clearance, blade erosion-almost ceases.

With an increase in particle density or the angle o] and a de-
crease in axial clearance, the ratic e¢yg/c; also decreases rapidly.

The dependence of c¢y/c; upon the value x = kzx/sin a1 in the

case of Re,,qy > 1000 is shown in Figure 46 by a dotted line. This
dependence 1s calculated according to the following expressions
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obtained from the equations in (149) and (150) analogous to equation
(154):

- T _
S D y=2 =c—In(l+7), (156)
“ 147 sinay ;
where T = kgeyt is dimensionless time.

3. Flow of a Double-Phase Mixture in a Working Wheel

Let us consider first the flow of a mixture in the working
blades with a small axial clearance %, between the nozzle and work-
ing blades, when it is possible to ignore the change in flow parame-
ters of the mixture in the space. In this case, a liquid film flow-
ing at a low velocility from the nozzle apparatus strikes the working
blades at a large negative angle of attack (Fig. 47a). This leads
to the appearance of losses due to impact and with prolonged opera-
tion may cause erosional wear of the working blades. In turn, ero-
sional wear of the intake edge will cause a further decrease in the
effectiveness of the working wheel; moreover, progressive erosion
may lead to the destruction of the erocded blades.

With an intensive separation of particles of low viscosity on
nozzle blades and a small amount of axial clearance, losses due to
impact of the liquid phase upon the working blades will predominate
over all other causes of losses.

To evaluate losses due to impact, let us suppose that the con-
centration of the liquid phase in front of the turbine 1s equal over
the entire section and that the velocity of the film flowing from
the nozzle blades may be ignored as small in comparison with the
circumferential velocity of the working blades. In such a case,
the relative velocity of the secondary drops with their impact upon
the working blades will be equal to the circumferential velocity and
directed opposite the direction of rotation. Moreover, let us con-
sider that these drops adhere to the surface of the blades; i.e.,
that impact is completely plastic.

The force of resistance applied to the elementary length of
the working blades dr due to liguid particle impact is

G,
dP, = 2=r FK

udr,

a

where Fa is the cross sectional area of the flow section of the tur-
binesy
r is the radius of the section under consideration;
u is the circumferential velocity.

Let us consider that a liquid which has precipitated on the
working blades flows in a radial direction under the action of cen-
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trifugal forces. In this case, a supplementary resistance force
appears, which 1s applied to the blades and directed opposite rota-

tion. The value of this force acting on the vradius » and arising
BTy max
2z
T
” 05\\ A
& % /’
It R/ B0 4
¢ /44
O~ Jw
£
@Z C’ i

@7 42 &3 Q@ @5 46 uling
b

Fig. 47. Determination of Losses With Particle
Impact on Working Blades: (a) Triangles of Veloc-
ities on the Entrance to the Working Grid; (b)

The Value Aﬁimp.max As a Function of u/cipp:

Calculated Dependences:
~0-0~ Based on the Author's Experimental Data

(hy/Dy = 0.164, x, = 8 mm, a3 = 19°407);
~C-C~ Based on Experimental Data from Refer-
ence [19].

with a motion of the mass dm in a radial direction is

dPy = dm2eC, ¢y,

where dm = FfllmoKdr=

Feitm is the total area of a section of film flowing along all
blades on radius pr:

Cypfilm is the mean velocity of film flow along the base on /103
radius »;
w is the angular velocity of rotor rotation.

With a complete precipitation of the liquid phase on the nozzle
blades and small axial clearance, liquid consumption through the
ring section along the working blades on radius r will be

—r?),
hub

liilmF”filmp“ =
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where ry,p is the radius of the hub.

Then dP, = 0m-2% (r* — 72 \dr,
Fg thub

The total elementary force of resistance acting on the length
of the working blades dr and the losses in power from this force are:

dP = dPy + dPyageN, = f udP = 2n 2= 0t { (22 —r2\rar.
hd imp Fa . thub
B i film

Having derived the integration and provided the obtained power
by the adiabatic work of the gas phase, after transformations we
obtain the expression for the coefficient of losses due to impact
and scattering of the liquid phase by the working blades:

g i 2 B () (14 057,

x gr \ Cad (157)

where u is the circumferential velocity on the mean diameter;
ke is the coefficient of particles separation on nozzle blades;
€5q is the adiabatic velocity of the gas;
%b is the height of the working blades.

From the formula it is apparent that losses due to impact, cal-
culated for the case of axial clearance, to a significant degree
depend upon the ratio u/cygq of the stage and also upon the relative
length of the working blades hp/Dy. The value

Ao mas= fgng"himp.ma? 2 (__“__)’(1 + T’;jrfnn;,a

Ciag

characterizes the maximum losses due to impact with complete parti-
cle separation on the nozzle blades (i.e., in the case where k., = 1).
This value as a function of u/cad is presented in Figure U47b.

Let us note that formula (157) is accurate even in the case
when the liquid particles are concentrated on the periphery of the
flow portion in front of the entrance to the nozzle apparatus, as
this often exists in the intermediate stage of a multistage turbine.
Actually, due to a change in the circumferential component velocity
of the liquid from zero to a veloccity uext+ on the peripheral diame-

ter a force P = KkoGKuUext+ acts on the ends of the blade, directed /104

against the rotation. Having divided the power of inhibition Puext
by the available gas energy in the stage Gr(e?53/2), again we obtain
formula (157).

With an increase in actual clearance the velocity of secondary
drops increases and the relative velocity of their impact on the
working blades decreases. Therefore, with an invariliable degree of
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separation on the nozzle blades, losses due to impact will decrease.

§2. Experimental Investigations of Turbine Stages on
Double-Phase Flows

As was noted above, the majority of experimental investigations
(including experimental investigations conducted recently at the
Moscow Electrotechnical Institute, the I.I. Polzanov Central Scien-
tific Research Planning and Design Boiler and Turbine Institute and
other organizations) are related to turbine operation on moist water
vapor or on a water-air mixture. To clarify the flow characteris-
tics of a double-phase mixture in a turbine in the most common form
as well as to determine the dependence of supplementary losses upon
the characteristics of the suspended phase, experimental investiga-
tions on other double~phase working fluids are necessary.

Results are given below
Al exit ‘ of such an investigation con-
yg 2z 1 ducted by this author at the
P.I. Baranov Central Scientific
Research Institute of Aircraft
Engines. The turbine stages
were tested on a stand, depic-
ted schematically in Figure u8.
Compressed air from a magistral
(1) enters a preheater (2)
where it is preheated to the
necessary temperature. Then
the air is mixed with particles
of the liquid (or solid) phase,

Tig. 48. Schematic Drawing of an supplied by sprayers (3), and
Experimental Apparatus; (1) Air enters a turbine (4). The
Magistrals (2) Preheater; (3) power of the turbine 1s ab-
Sprayer; (4) Turbine; (5) Hy- sorbed by a hydraulic brake
draulic Brake; (6) Separator; (5). The double-phase flow
(7) Reservoir; (8) Basic Pump; leaving the turbine enters a
(9) Volume Consumption Meter; separator (6); the separated
(10) Transferring Pump. liquid phase is fed into a

reservoir (7) by the trans-
ferring pump (10) from where, by the basic pump (8) through a volume
consumption meter (9), it is forced to a sprayer (3). Due to the
closed system supplying the liquid phase, the apparatus can work for
an extended period of time with a minimum amount of liquid.

In the experimental process the operation of a turbine stage on /105
.a mixture of cold air and particles of a liquid with a low viscosity
(disel fuel DS, DZ or water), sprayed by centrifugal or pneumatic

jets, and a mixture of air preheated to 120-175° C and particles of

a very viscous liquid (coal tar pitch: melting point of #y.1+ = 70° C,
mean particle diameter 4 = 17 um).

The viscosity of these liquids as a function of temperature is
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shown in Figure 49. Particles of coal pitch, solid at room tempera-
ture, were fed into the flow in front of the turbine by means of a
feeding apparatus, schematically depicted in Figure 50.

V‘ m2/sec . )
AR Iy O
m‘] . J ,' I I K I y

. Coal pitch .’\ '
70-‘ | - \ 5 A1 ?
g ! |
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ﬁ-‘f \:R,PZ
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g1 [1H0 \‘\ '
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~30- 0 2040 6080700 B0 180 220 ¢°C

Fig. 49. . Fig. 50.
Fig. 49. Viscosity-of the Liquid Phase as a Function of Temperature:
= 3. = 3. - 3.
Peoal pitch 1260 kg/m>; ppo 900 kg/m>; pp. 850 kg/m*>;

Hp,0 = 1000 kg/m

Fig. 50. Schematic Drawing of an Apparatus for Feeding Dust into the
Gas-Air Tract in Front of the Turbine: (1) Bunker: (2)
Feeder Grid; (3) Blow Pipes; (4) Screw Nozzles; (5)
Axle Blades.

The dust-like substance charged in a bunker (1) wheré it is
moved by blades (5) located on an axle which is rotated by an elec-

tromotor through a reducer. By means of feeder grid (2) the dust
is directly supplied to the blast pipes (3) and is moved by compressed
air. The dust-air mixture formed through the screw nozzles (L) is

fed into the flow portion in front of the turbine.

Particles of coal pitch entering the hot compressed air flow
are melted and converted into droplets of viscous liquid. A rather
large distance between the nozzle and the turbine was chosen, around
3 m; therefore the particles melted completely.

Typical experimental characteristics of the turbine stage (cf.
Table 4) are presented in Figure 51, working on a double-phase flow /106
with a liquid phase of low viscosity, 1.e., DS diesel fuel with vis-
cosity vk = 6 10-% m2/sec, particles 4 = 100 pm and various particle
concentrations. The increase in the concentration of the liquid phase
leads to a substantial decrease in turbine efficiency. The change
in turbine efficiency as a function of the concentration of the 1li-
quid phase where u/egq = 0.5 and 77 = 1.7 - 2.2 is shown in Figure
52.
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TABLE 4. BASIC PARAMETERS OF EXPERIMENTAL TURBINES
Item Volume Item
Diameter D in m: Angle Bop:
in Base Section 0.245 in Base Section
in Midsection 0.293 in Midsection
in Peripheral Section [0.342 in Peripheral Section
Height of Blade %Zp in mm ug Initial Temperature
X 1+ o
Ratio D /hy 6.1 To in °K
Axial Clearance ., in mm 10 Degree of ReacFlon .
c in Root Section
Angle aj: in Midsection
in Base Section ieono’ in Peripheral Section
in Midsection 19°40" D of Press
in Peripheral Section ([21°43! cgree 9 ressure
. Ty = py/Pr
Angle B: . . . .
in Base Section 31° Air/Consumptlon Gr in
in Midsection y20 g/sec
in Peripheral Section 58° Power Ny in kW
* Turbine profiled according to the law eyr = const.
A’ B /A’
Nz 6 F 4:
A5
3 9 74 >
o H = 4
- 7/
L £l // 44,
a0 = = D A
/}//’,//,/* IR L7 / - x
’ / E{~
A / _ & / 7 e
/o// d 2 7 /'/ % ao_
=iy
‘705: / I/ /// 4=
» 14
_ ///
&3 04 Q5 ufe, 0 7 2 3« 5 gne
Fig. 51. Fig. 52.
Fig. 51. Power Efficiency of the Turbine as a Function of u/cgg
with Operation on Pure Air and on a Double-Phase Flow with
DS Particles wp = 2.2.
Fig. 52. Decrease in Turbine Efficiency as a Function of the Con-

centration of the Liquid Phase DS Where wy = 1.7 - 2.2 and

u/cad = 0.5.
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An experimental study of the concentration of the liquid phase

by means of special probes analogous to Pitot tubes showéd, as might

be expected,that complete particle separation takes place on the

nozzle blade. As calculations according to formula (154) showed, /107
the velocity of secondary particles (d > 200 um) increased in axial
clearance to 15-20% of the gas velocity. Therefore, losses due to
impact on the working blades of a liquid film flowing from the noz-

zle blades may be evaluated according to (157), assuming k., = 1.

Fig. 53. TFlow Section Elements of a Turbine after
Operation on a Double-Phase Flow With a Viscous
Liquid Phase: (a) Nozzle Apparatus; (b) Exit
Cock; (c) Working Blades.

The dependence of the maximum value of these losses upon the
concentration of the liquid phase is shown in Figure 52 by the dotted
line. Experimental values for the decrease in turbine efficiency
exceed the calculated values, considering only losses due to impact.
This supplementary decrease in efficiency 1is completely determined
by the increase in losses due to friction of the gas on the rough
film covering the nozzle blades. Due to the large particle diame-
ter it is possible to ignore losses from friction of the gas on the
particles and on particle separation in the nozzle apparatus.

The general pattern of congealed precipitates of coal pitch is

shown in Figure 53 (vy = 2.5+10-3 m?/sec) after turbine operation
under the regime T = 2.2 u/cad = 0.48; gy = 5%. The wave nature
of the film flow is readily apparent on photographs. It is necessary

to note that due to polydispersion of coal pitch particles, their
precipitation on the flow section walls has both an inertial and a
turbulent diffuse nature.

The condition of the blade of the nozzle apparatus is shown in /108
Figure 53a. The convex part of the blade proved to be covered with
an undulating film, the wave frequency and the height of the crests
were usually great around tue ends of the blades in the boundaries
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of the vapor vortex zones. The height of the crests on the concave
portion of the blades was substantially lower. Such a nature of
the flow may be explained by the above-mentioned action of centri-
fugal forces striving to increase the undulating nature of the film
on the concave part and to decrease it on the convex part.

The working blades
remained practically clean.
The film thickness was
insignificant on them,
even with a very viscous
liquid (such as melted
ash), due to the great
centrifugal forces cast-
ing the film onto the
periphery. On the sur-
face of the blades, traces
of radial motion of the
liquid phase are seen
(cf. Fig. 53c).

Fig. 54. Schematic Drawing of Consol-

idation of the Axial Clearance: (a) If the melting point
With diagonal Labyrinth; (b) With of the ligquid phase is
Screw Groove. significantly higher than

atmospheric temperature,
then when the turbine
stops and cools the rotor may be blocked by the frozen liquid phase,
entering the actual space between the stator and the working disks
of the turbine; such a blockage is observed in experiments. Blockage
may occur even when the remnants of the liquid phase congeal in the
radial space above the working blades.

In order to prevent blockage it is necessary to carefully con-
tract the axial space between the stator and the rotor. Figure 54
shows two types of consolidation: with a diagonal labyrinth and
with screw grooves; these contractions were tested on a model tur-
bine. Both contractions proved to be sufficiently effective: the
liquid phase completely ceased to enter the axial space and the ex-
penditure of air blown through the contraction was negligible.

Figure 55 shows the experimental characteristics of a turbine /109

with a clean flow section and with a flow section covered with con-
gealed coal pitch film with an initial viscosity of vy = 0.8-10%
and 2.5+10-3 m?2/sec operating on pure air. An experimental point
is plotted there characterizing turbine operation on a double-phase
flow with wp = 2.235 gy = 5% v = 2.5+10-3 m2/sec.

Here the total height of the crests of congealed coal pitch
film from both sides of the nozzle blades in the region of the exit
edge were equal to 0.5 mm with an initial film viscosity of vy =
0.8-10"% m?/sec and 0.9 mm where Vg = 2.5+10-3 m2/sec. The total

height of the crest was determined as an average value, measured
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along all the blades in three sections. It is necessary to bear in
mind that the height and shape of the waves of congealed film differ
somewhat from the height and shape of the waves of liquid film under
working conditions.

Ir
az Fig. 55. Characteristics of a

i Turbine Operating on Air with
. f ] T = 2.2: (1) Clean Flow Por-
tion; (2) Flow Portion Covered
R ;?/ o with Congealed Film with an
& ’ Iy Initial Viscosity of vy =
/7; /‘/’ 0.8+:10"% m2/sec; (3) Initial
/f// o83 F%lm Viscosity vy = 2.5-10-3
/( m*“/sec; () Working Point of
”.° /)y’ the Turbine on a Double-Phase
4 s Flow with Viscous Particles
Where vy = 2.5.10-3 m2/sec and
@ @ 45 = gk = 5%.
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The activity of the stage investigated as a function of u/cgqg
is shown in Figure 56. The activity of the stage operating on air
and on a double-phase flow with DS particles (gx = 3-6%) proved to
be equal. This is explained by large particle diameter (4 = 100 um)
and low viscosity of DS, due to which the total influence on the
reactivity of the condition of phase interaction and clogging of
the nozzle apparatus by film was insignificant.

On the other hand, in the case of very viscous liquid phase
(vg = 0.8+10"% - 2.5+10-3 m2/sec) the degree of reactivity due to
clogging the flow sections of the nozzle apparatus by film decreases
noticeably. With a decrease in u/¢gj3 the reactivity of the stage
is changed much more slowly than in a turbine operating on pure gas.

This may be explained by the more intensive increase in losses in /110

the working grid due to large positive angles of attack arising with
decreased reactivity.

§3. Flow of a Double-Phase Mixture in a Turbine with
Increased Axial Clearance. Particle Separation in
the Axial Clearance.

In a number of cases it is necessary to decrease the erosional
wear of the working blades of a turbine by the suspended particles.
With a small corrosive liquid phase and low working fluid parameters
which may be observed, for example, in the final stages of condensed-
vapor turbines, hardening of the intake edges of the working blades
by melting hard alloys on them allows one to substantially decrease
their erosional wear [14].
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However, with high temperature and corrosivity of the working
fluid, in particular of the liquid phase, erosional wear may be de-
creased only by other technological or construction methods. In
particular, one of the most radical means for decreasing erosion of
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Fig. 56. Reactivity of a Stage on the Central Radius
as a Function of u/caq:
— Ty = 2.2 ~---- T = 1.7:
O = Operation on Pure Gas; ®@= Operation on a Double-
Phase Flow with DS Particles (g = 3-6%);
(1) Clean Flow Sectiony; (2) Flow Section Covered
With Congealed Film, Initial Viscosity vk = 0.8+10-"%
m2/sec; (3) Initial Film Viscosity vk = 2.5:10-3 m2/sec.

the working blades is to increase the axial clearance between the

nozzle and working blades. Actually, with an increase in the axial /111
clearance the diameter of secondary drops decreases, since destruc-

tion of the film flowing from the nozzle blades is successfully
accomplished; the relative velocity of particle impact on the work-

ing blades due to particle acceleration by the gas decreases sub-
stantially; partial separation of secondary drops on the peripheral

wall takes place since the number of drops impacting against the

working blades is decreased.

In this section we shall consider the questions concerning the
motion and separation of liquid particles in a gas turbine with an
increased axial clearance. In the case of complete particle separa-
tion, the base of the working wheel will be washed by a single-phase
flow. This allows avoiding erosion of the working blades, an espe-
cially important factor in high-temperature turbines designed for
prolonged operation. The expediency of particle separation in front
of the working wheel is also noted in references [27] and [38].

102



1. Particle Motion in the Axial Clearance and
Determination of the Size of the Separation Zone

The size of secondary drops formed by film destruction depends
upon the velocity and density of the gas flow and also upon the vis-
cosity and coefficient of surface tension of the liquid.

The break-up of the drops of liquid in an air flow was studied
by a number of investigators; in particular, by Prandtl. In order
to determine the maximum size of drops he proposed the following
formula derived from an equilibrium condition of hydrodynamic forces
and surface tension forces acting upon the drop

7.7c
Apey = .2 ’

c\re]

Pr2

where ¢po1 1s the average velocity of drop motion relative to the
gas in a scattering process.

Ignoring the velocity of the drop small in comparison with the
gas velocity, and considering that the film flowing from the nozzle
blades i1s destroyed instaneously, it is possible to assume ene] = €1.
In this case, the maximum diameter of secondary drops can be calcu-
lated approximately by using the formula

15,4 ¢

prc? (158)

Grnax =

The viscosity of the liquid increases the time necessary for
the break-up of large drops into smaller drops, the dimensions of
which are determined by this formula. Therefore, with the destruc-
tion of the film flowing from the nozzle blades, equilibrium between/112
the hydrodynamic forces and
the surface tension forces
acting on the particle may
not occur, especially in
cases of liquids with ele-
vated viscosity; under such
conditions particle dimen-
sions may substantially ex-
ceed the sizes calculated
according to formula (158).

Large particles having
a certain initial velocity
move in the axial clearance
due to their inertia along
Fig. 57. Calculation of Particle weakly curved trajectories.
Motion in the Axial Clearance. In reference [21] the maximum
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size of axial clearance necessary for the separation of such parti-
cles was determined by assuming their trajectories to be straight,
corresponding in direction with the velocity of the flow upon exit
from the nozzle apparatus. The minimum length of the separating
zone x, is determined from the condition that particles formed at
the hub precipitate on the peripheral surface in front of the work-

ing wheel6,

As follows from the geometric relationships in Figure 57

—

. 2 ;
xczABta_nu,hulj:rhub réxt-—--ltapalhub (159)

where x, is the axial clearance;
@1hub is the angle of low exit from the nozzle apparatus on

the internal radius; /113
- r f2-9°
Poxt = ©%Xt is the relative external radius of the flow section.
Thub

This expression may also be presented in the form

D, .
X = h-b‘/.—_h—tanalhub
b

where Dp/hy = 5-7 and ajp,p < 20°, the value of x, < 0.8 hy.

The dependence of the dimensionless coordinate of a particle
£ = x/ryyp (where x is the coordinate along the axis of the turbine)
upon the ratio r = »/rp,p> calculated according to formula (159) for
various values of the angle djhyps, indicated by the dotted line in

Figure 58.

The actual size of the separating clearance will be somewhat
greater since the particle trajectories deviate from straight lines.
Let us consider the motion of secondary drops in the axial clearance,
assuming that they are spheres of equal diameter, and that their

6 as graduate student, B.A. Ponomarov showed that with long blades
(Dm/hb < 6) twisted according to the law ¢,r = const, and recti-
linear particle direction, the necessary size of the separating
clearance will be determined by particles which are not formed at
the hub but on a radius »r = Text//gﬂ This relationship may be ob-
tained from the condition of maximum function (159) described for a
particle formed on radius » in the following form:

2 2 r 7 2
x = Vr -r?tan o= r -r2 tan o .
e ext 1 Pyub ext lhub
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initial velocity is equal to zero. We shall assume the field of
gas velocities to be equal along the circumference since, according
to the data of a number of authors, the relative decrease in the
gas velocity in the tracks behind the edges does not exceed 5% with
a clearance size on the order of 0.1 hb, and with an increase in
the clearance, the velocity rapidly decreases.
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Fig. 58. Dependence of Dimensionless Axial ¢ =
Z/ryyp on the Radial * = r/ry.y Coordinates of

Particles Moving From the Hub iIn the Axial Clear-
ance of the Turbine:
————— Rectilinear Trajectories;

Actual Trajectories.

As was noted, with the motion of secondary drops in the sep-
arating zone the Re,,; number changes from several hundreds to sev-
eral tens. In this range a change in the Re,,; number for the force
of aerodynamic influence of gas on a particle is determined accord- /11lu
ing to (147): P = kzmc%éi. This force is directed according to
particle velocity relative to the gas. The motion equation under

the action of such a force 1is

dass
d<?

= Byl

rel ’

where d25/dt? is the acceleration of a particle.

A motion equation for projections onto the cylindrical axis of
coordinates 1is

d3x o / dx 0e5 =

dr3 —kg(car dt c'r;]".

dr do |3 ir_ 05 -

d-:’—r(d':) k2 ge Gt (160)
d*e =k_=(c —r 9%\ o5 - 2 dr dy

dx? r\ET dt ‘rel r dtr d=
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x, ¢ are
and ¢

where r,

Car ul

For the case
ing to the law of
ponents are Cuop *

less coordinates §

cylindrical coordinates of a particle;
are axial and circumferential components of gas
velocity.

of a flow whirling in the axial clearance accord-
constant circulation (eypr = T = const) the com-
const and eyr = T/r. Introducing the dimension-
= 2/Phybs T = r/rupyp and the dimensionless time

T = (Vpave/d?) (where Vyzye is the coefficient of kinematic viscosity
of the gas on an average diameter), the equations in (160) may be
reduced to the following dimensionless form:

a2 dE \ af. )
F °(“°— & )M'
dir  —{ dp \? dr ¢
=7 —_ —A M;
= (E) A (160a)
9 _ 4 (_bc__ d‘P)M_}_i-.‘L'P
d ‘\;p e 7 odr dv

4
where M= ‘/(ac—

T 2
d
and bc = 52

pI‘ave 18

Results of a

A

huvaave

A, =9,75 —"l/ b g = Card
Px d .

v
r.,
b rave

hu

are dimensionless parameters;
the gas density on an average diameter.

numerical solution to system (160a) on the "Ural™ /115

computer for particles moving from the hub and possessing zero ini-

tial velocity with values of the parameters 4,
b. = 20
c L)

l10; 53 1,

1s
2 are given in Figures 58-63.

0.53 0.3, a, =

10; The calcula-

tions show that the relationship between the axial £ and radial r
dimensionless coordinates of a particle weakly depend upon the

barameters 4., ag

and b, and are defined by the basic ratioc a./b,

¢1g/C1yhub = tan Glhub-

As may be seen from Figure 58, the

real coordinate of a parti-

cle § proved to be approximately 20-25% larger than the cocrdinate

calculated according to the approximate

formula (159).

The angular coordinate of the particle ¢ as a function of r

(s0lid curve) is given on TFigure 59.

It proved to be the case that

a change ¢(r) does not depend upon the primaries A,, ¢, and b, ;

i.e.,

the projection of the particle trajectory ontec a plane perpen-

dicular to the turbine axis is not a function of particle size and

the parameters of

For comparison,

the gas flow.

in the same figure the dependence for the case

when particle trajectories are stralght lines tangent to the hub is
plotted with a dotted limne.
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Thus, with the above-mentioned assumptions, the particle tra-
jectory and the axial clearance is determined only by the geometric
Parameters of the flow section of the turbine. With accuracy for
engineering calculations it is possible to consider that in the
range of change ajpup = 15-25%

E=_x"‘=1325]/-72_1t‘analhub . (161)

Thub

or F__x  _ya_T. (162)
1.25.’h ‘tba.f.‘althub V

The dependence between the radial » and given axial E particle
coordinates determined by this formula is presented in Figure 60.

The change in relative components of the particle velocity
along the coordinates axes depending upon its reduced coordinate E
is shown in Figures 61-63. As follows from the graph, the wvalues
cqx/Cq » eyx/cy and epx/e, depend upon the parameters A_ and b,.
With an increase in A, and a decrease in b, (for example, with a
decrease in particle diameter and other conditions unchanged), the
particle velocity rapidly approaches the gas velocity.

The strongest increase in axial and circumferential components
of particle velocity takes place with variation in £ within the
limits from 0 to 0.2, i.e., at the beginning of the axial clear-
ance. In particular, this explains the phenomenon sometimes obser-
ved in steam turbine operation, when, even with an insignificant in-
crease in the axial clearance erosional wear of working blades de-
creases substantially.
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Where £ > 0.4, the increase in particle velocity is somewhat
delayed. In the investigated range of variation in the parameters
A, and b, and in the value of I, maximum particle velocity may reach
the gas velocity.

It is necessary to emphasize that the obtained relationships
characterizing particle motion in the axial clearance on the initial
section of the trajectory are sufficiently close to dependence ob-
tained for linear particle motion in §1 of this chapter.

2. Determination of Losses Due to Impact on the
Working Blades with Regard to Particle Acceleration in
the Axial Clearance

With a moderate size of axial clearance and long blades it is
possible to ignore particle displacement in the clearance along the
radius. Then, analogous to that which is set forth in §1 of this
chapter, the force of resistance from particle impact acting upon
the elementary link of the working blades dr,

dP; = 2xr ﬁ (u—cg) dr,

a

where cLK is the circumferential component of the particle velocity;
the force of resistance dPy, arising with radial liquid flow, does
not change here.

The power loss from the action of these forces 1is

]\/impz j‘ ud(P; 4+ P;) =2xn Gy [wzj‘ (2,2__rh2ua rdr __wj ¢, Kr’dr] .
I 1

Fa
h.b tb- h'b

Since ?ur-r = (ch'P)QVe = cons? and ey /cur cha?ges.insignificantly
according to blade height, the integrand expression in the second
term of the right-hand part may be thus transformed:

[4
2. U
C ul *=

[+
X, T (-—1‘—") (cy)—-r.
Cur Car’ave ave

Then it is possible to integrate the expressions for Vinpp -
Having divided the power losses by the available gas work, after
transformation we obtain

Ay = Ay I — (_‘5'.’_“) (ﬁi) (-'-'L;)zcos a,@V;/T:'p] , (163)

i mp .lmp.maé ext

where p is the degree of reactivity on the average radius, and
Animp max represents losses determined according to formula (157).
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The value (cuK/ch)ave may be evaluated according to Figure 62.
However, in determining the values of dimensionless parameters 4., /119

b, and & instead of » it ig necessary to substitute the average
c 3 hub ; : g
radius of the flow section of the turbine ryye: i.e.,

vavey / Tovel T,
Ac.ave=9,75—“—~1/ Lovey b=

Px d r“ vp,
. - averave

T — &a ve

= ’
ave 1,25r. tanay, o
ave

where  is the average value of the axial clearance.

Since eyy/eyr =~ eg/e1, the ratio (e,x/eyrlave With a small size
of axial clearance may also be determined from formula (154) or
from Figure 46.

With a significant size of axial clearance, the losses due to
impact will rapidly diminish; this is alsc due to separation of some
of the liquid phase onto the peripheral wall. We shall determine
the amount of separating liquid with a given value of axial clear-
ance x.; to simplify we shall consider x, to be constant relative
to blaSe height. As Figure 64 shows, the amount of separating liquid
will be determined by the limiting trajectory AB of secondary drop

forming on a certain radius »rjip. According to expression (162) for
this limiting trajectory the axial clearance is
Fexe V' 1L (leu)
Xe = l.25r1 im 7 tanall im
lim

where a1 13, is the angle of flow exit
from the nozzle apparatus on radius

P1im:

Since for a flow whirling in the
axlal clearance based on the law
ey, *r = const, the value tan ay jipy
(r1im/Pave)tan ojgye» and from the
latter expression we obtain
Fig. 64. Schematic Draw-

s 1 ©f L6xr - 38
r2 = text 1 1 — hd ave .
Tim P) l + V (‘.a_nal,’r?ext) (165)
ave
ing of Double-Phase Flow

in the Axial Clearance According to formulas (164) and
of a Turbine. (165), it is convenient to determine
the value of axial clearance necessary
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for separation of the liquid in front of the working film if it is

known that the fundamental mass of the liquid phase is concentrated
in the peripheral zone of the flow section, as this is observed in

the intermediate stages of multi-stage turbines.

In the case of uniform particle distribution in front of the /120

nozzle apparatus, into formula (163) it is possible to introduce
the supplementary coefficient

2 __ g2
i ub
kc..gjl,-"! :2 . (166)
{ext’_ hub 7

considering the partial separation of liquid phase in the clearance.
3. Determination of Losses Related to Separation

Particle separation in the axial clearance is accompanied by.
losses of gas energy including: losses due to friction with the
motion of the gas relative to the particles; losses with precipita-
tion of particles on the external row; losses due to friction of
the gas on the rough undulating film, covering the externmal and in-
ternal walls in the axial clearance.

Let us evaluate the extent of these losses, assuming that all
of the liquid phase precipitates on the nozzle blades; i.e., kg = 1.

The work of the forces of friction of the gas on a particle
with its motion in -the axial clearance can be expressed from the
relationship (75): Afri = ./}breldT. Total losses due to friction
with motion of all n = gy/grm particles per 1 kg of the gas phase are

Alfr= 2 A!'f_-rl-

=]

With precipitation of the particles on the wall, total kinetic
energy

n. mcg
QHN;zzg ;'

FL |

is almost completely lost, turning into heat. Thus, total losses
during particle separation in the axial space are:

n

Aoep= Ar+ E‘f‘."= E(Aff_r:'l' m-?g—') .

(L3}
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In the turbine stage with blade height hb =(= - %)Dm with suf-

ficient accuracy for evaluations being conducted it is possible to
assume Aggop = (0.65-0.75)Agep max> Where Agep pax are the calculated
losses from separation, assuming that all particles begin to move
from the hub.

Using the relationship P = k mc;éi, we obtain
8 5 x:
= -— & 2 3
445(”)1 (0.65 g 0.75) P (j‘ kzcr'eﬂd‘: 4 ) ). (167)

Here the values c¢pe1 and cg relate to the particles moving from the /121
hub. Therefore, in calculations it is possible to use the depen-
dences obtained in preceding sections.

Having solved particle velocity in the axial clearance accord-

. . . . = Vo2 + a2
ing to the direction of the gas veloclity vector Crx cuK CaK

and according to the radius ¢,y and having substituted approximately
2
crel rK
ameter) by relating losses due to separation to the available gas
energy, we obtain the coefficient of losses due to particle separa-
tion in the axial clearance:

o~ /(cl—ctK)27¥ e (where ¢; is the gas velocity on a mean di-

r Cadt

— 2As‘ep _ o _g}‘ —cl__ L I
b= 25 = (05 - 075)2 (&) e+n
. ad

or finally

Ay, = (13- 1.5)%(; —p)(® + E). (168)
K ! 7 K *le
Here O =4, ,/ cg;alj[(l_ 621 ) —'_-o(;arcosul)’]l.d?; (169)
-0,

[l + ()]

a1 is the angle of flow exit from the nozzle apparatus on a mean
diameter.

Figures 65 and 66 show the value & characterizing losses due
to friction of gas on the particles and the sums ¢ + E characteriz-
ing the total losses from separation of particles forming at the hub
as functions of the dimensionless reduced coordinate
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E= _x
1.25&1{_}; "@ghub
In calculating these dependences o) = 20° was assumed. Variation

in the angle o3 within the limits of 15-25° has a weak influence on
the course of the curves.

In the case of a liquid phase of low viscosity (such as water
or diesel fuel) and in a moderate concentration it is possible to
ignore the increase in losses due to friction of the gas on the
film covering the external and internal surfaces of the flow section
in the axial clearance. These losses are somewhat compensated for
by the decrease in losses in the radial clearance when it is par-

tially filled by a liquid film.

With complete particle separation in the axial clearance, losses
due to impact of the liquid phase on the working blades will be equal
to zero.
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Fig. 65. The Value of ¢ as Fig. 66. The Value of ¢ + F
a Function of g. as a Function of E£.
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The ratio of losses due to separation to maximum losses due to
impact is

/123
Avsep 07 —R) (®+E) :
Anjnpmax (2 )? _’!ﬂ)’ 171)
(4;9,) (1 + D .

With variation in u/ead within the limits of 0.6-0.3 the numerator
of this expression varies by not more than 20%, and the denominator
by four times. Therefore, even the ratio of losses due to separa-
tion to those due to impact, depending upon u/cad, may vary within
a very broad range. With small values of u/c¢zd, losses due to sep-
aration may significantly exceed losses due to impact; with large
values of u/c g, losses due to impact may prove to be greater than
losses due to separation. Therefore, with u/eg3 > 0.6 particle
separation in the axial clearance may be accompanied by an increase
in turbine efficiency.

Tentative calculations, made for various turbines with a degree
of reactivity ¢ = 0.25-0.35, blade height hb = (%-— %)Dm

and flows with liquid phases of low viscosity, indicate that where
u/cad = 0.5-0.55 this ratio is near unity. Therefore, in such tur-
bines the decrease in efficiency due to the double-phase nature of
the flows does not essentially depend on the amount of axial clear-
ance, which is confirmed by experimental studies.

4. Experimental Study of Separation in the
Axial Clearance of a Turbine

An experimental study of particle separation in the axial
clearance was conducted on a turbine, the basic data from which are
Presented in Table 4. In the experimental process the axial clear-
ance was varied within the limits from 8 to 58 mm. The suspended
phase was DZ diesel fuel or water scattered by pneumatic nozzles.
The mean diameter of the particles was 30~35 um.

The experimental characteristics of the investigated turbine
where £, = 8 mm and 38 mm are presented in Figure 67. From the
graphs it is apparent that with a small amount of axial clearance,
when losses due to impact of the liquid phase on the working blades
reach a maximum, the decrease in turbine efficiency due to the double-
phase nature cof the flow substantially depends on u/cad: with an
increase in u/cad, losses sharply increase, It is necessary to note
that curves agree satisfactorily with formula (157). The calculated
and experimental values of Aﬁimp max = Gr/9x)Animp max for the tur-
bines studied are plotted in Figure U47. :

On the other hand, with a large axial clearance, when almost

complete particle separation takes place, the decrease in turbine
efficiency, determined primarily from losses due to separation, is
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almost independent of u/cad with variation in this parameter in a /124
broad range.

Experimental points are plotted in Figure 68 which characterize
the decrease in turbine efficiency on a double-phase flow with u/cad=
0.52 in comparison with a turbine operating on a pure gas. All ex-
perimental points independent of the amount of axial clearance lie
satisfactorily on one curve. This confirms the assumption of the

weak influence of axial
clearance, with the indicated

/3 -~ value of u/eggq, on total
[t 2 L losses from the double-
75 SLZ/j::fJ"—::::igkn phase nature of the flow in
T , <\ a turbine. The change in
, /}ﬂ/f. | \iS\ maximum losses due to impact
¢ 7 ifﬁ:———* **n;\‘\‘ N Anpax calculated according
//j Xg =B ﬂ\\’ to formula (157) is plotted
055 = N % on the graph with a dotted
: \\ line, as well as the dis-
s :J P . N-A% tribution of losses with an
=1 T~ A axial clearance, ensurin
o ;/%f’/*’ F\<::§:g\jfo particle separation of t%e
41 Ao ] \\\ - liquid phase.
/—"’—‘h . .
065 A1 T~ 2% . Figure 69 gives the
* :;/‘ Zo=3Bmn . efficiency of a turbine work-
o I s ing on single-phase and
. = , double-phase flows as a
Lt & &t #feac. function of the size of axial
Fig. 67. Characteristics of a Tur- clearance. With an increase

in the axial clearance from
8-58 mm, the decrease in
power efficiency of the tur-
bine operating on a double-
phase flow with a constant
concentration of the liquid phase remains practically unchanged (how-
ever, due to an increase in losses with an equalization of the flow
behind the exit edges of the nozzle blades, the value of np some-
what decreases).

bine Operating on a Pure Gas and on
a Double-Phase Flow with DZ where
e = 8 and 38 mm; Mo = 1.7,

On the corpus of the turbine in the region of the axial clear-
ance and behind the working wheel there were a number of drainage
openings. The liquid phase, having precipitated onto the peripheral/125
wall of the flow section, fell into these openings and was conducted
further through rubber tubes into special collectors. According to
the amount of liquid flowing into the drainage openings, it was pos-
sible to judge the ligquid consumption in the film on the peripheral
wall and, consequently, even the degree of particle separation.
Moreover, with the aid of special probes analogous to a Pitot tube,
change in the concentration of the liquid phase in a cross section
of the flow section was studied.

115



As might be expected, the studies showed that complete particle

separation takes place on the nozzle blades. Complete separation of
secondary particles was accomplished where x, = 40-45 mm. This agrees
A%'% .ﬁ
8 ‘é T
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Fig. 68. Decrease in Turbine
Efficiency as a Function of
Concentration of the Liquid
Phase Where u/c g = 0.52 and

Tp = 1.7-2.2.
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Fig. 69. Efficiency of a Turbine
Operating on a Pure Gas and on a
Double-Phase Flow as a Function
of the Size of Axial Clearance

Where o = 1.7-2.2 and u/aad = 0.52.

well with the calculated value of

separating clearance x, = 44 mm,

Thus with angles aj; < 20° the size of the separating clearance
does not exceed the height of the working blade. For small size
turbines with a blade height np<25 mm,achieving such an axial clear-
ance does not cause difficulties in construction and can be recommended
for complete separation of the liquid phase in front of the working
wheel. In large turbines with a blade height greater than 200 mm, /126
it is possible to substantially decrease erosion by means of increas-
ing the axial clearance to 0.2-0.3 hAp. As indicated, with such a
size of axial clearance, particle velocity increases significantly,
which leads to a substantial decrease in the force of their impact

on the working blades.

‘ Results of investigations of the same turbine on a double-phase
flow with water as the liquid phase agree satisfactorily with ex-
perimental results given for a double-phase flow with DZ diesel fuel.

§4. Operation of a Birotative Turbine on a
Double-Phase Flow

As indicated above, the working blades of a turbine, even with

a very viscous liquid phase,

remain almost clean. The liquid pre-

cipitating on the working blade is scattered to the periphery by
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centrifugal forces, the value of which is several orders greater
than the tangential gas forces attracting the film in an axial dir-
ection. Therefore, in a birotative turbine operating con a double-
phase flow both blade apparatuses (i.e., the rotating nozzle and
working wheel) remain clean, and the increase in losses due to
roughness of the film in the grids will be minimal. In a birotative
turbine even the losses due to impact of the liquid phase on the
Working wheels characteristic of the usual turbine are absent, and,
consequently, erosional wear of working blades is also absent.

With operation on double-phase flows with a constant concen-
tration of phases a rotating nozzle apparatus may be used as a
Separator cleaning the flow in front of all subsequent stages
(Fig. 70).

Let us consider the conditions of complete particle separation
on the rotating grid. Here it is possible to assume that particles
larger than 20 um in diameter move with rectilinear trajectories in
the blade apparatus. We shall consider that a double-phase flow on
entrance to the grid has an axial direction; thus particle velocity
is equal to the gas velocity.

°o

From the velocity triangle (Fig. 71) tanB, = -

the flow velocity in front of the grid.

, Wwhere ¢, 1is

So that particles moving with a relative velccity wgp near the
convex part of blade I fall on the concave part of blade II, the
following relationship between the geometrical parameters of the
grid must be maintained:

b
tan — e
h< Isiny—t’
where b and ¢t are the width and spacing of the grid; 7 is the pro- /127

file chord; y is the angle of profile arrangement.

Comparing the right-hand sides of the two latter expressions,
We obtain the condition for total separation of particles with
diameters d > 20 um on the rotating turbine grid:

ﬁ_<rsin‘y—-—t/l .
o cosy (172)

Analysis of this formula indicates that for complete particle
separation the stage must be slow moving. This lowers the level of
stresses in the blades operating under elevated temperatures. Here,
even with circumferential rotation velocities u = 20 - 50 m/sec and
diameter of the flow section of the turbine D~ 1 m, the value of
centrifugal forces acting on the film [Fog = 2pyx (u?/D)] will ex-
ceed the force of gravity of the liquid by 100-500 times and will
exceed the tangential forces of gas friction, attracting the film
in a tangential direction, by approximately the same factor.
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Under the action of such great centrifugal forces the film will be
intensively scattered to the periphery; its thickness on the blades
and consequently even the value of Anpgygh will be minimal.

In order to arrange conduction of the liquid from the flow sec-
tion of the turbine 1t is possible to apply a band seal on the
blades (cf. Fig. 70). The low level of circumferential velocities
allows one to use a band even with a very high gas temperature.
Under the action of centrifugal forces, the liquid phase flows along
the conical surface of the band and is spattered into the slit col-
lector; analogous construction is used for collecting condensate in
vapor turbines. Moreover, the band seal arrangement decreases leak-
age in the radial clearance, which may be significant in a rotating
nozzle apparatus.

YA
u
Y
D) f) /
. i)
n')
A t
tsiny
Fig. 70. Schematic Drawing of Fig. 71. Determination of the
a Turbine with a Preincluded Conditions of Complete Particle
Slow-Speed Separating Stage: Separation on the First Wheel
(1) Double-Phase Flow; (2) Li- of a Birotative Turbine.

quid Phase; (3) Pure Gas.

In a slow-speed turbine stage losses due to separation of the
liquid phase are also negligibly small. These losses, egqual to /128
the losses due to impact of the liquid phase on the blades of the
rotating first wheel, can be calculated according to formula (157).

For slow speeds of rotation the value of u/cz3 does not exceed 0.15.
Therefore, even with significant concentration of particles (g > 15%)
the value of A”imp will be negligibly small.

The slow speed of rotation of the separating stage 1is explained
by the low power of this stage. This power may be used for driving
an auxiliary system or transmitted to the basic axle of the engine.

Such a construction is promising for high temperature gas tur-
bines operating on the combustion products of powdered coal fuel con-
taining particles of liquid slag. Due to the great viscosity of the
slag and, consequently, even an increase in profile losses, the
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efficiency of the normal turbine may drop 8-15%. Moreover, intens-
ive blade erosion due to the elevated erosional characteristics of
the slag will take place in it. The efficiency and reliability of
operation of the construction under consideration are evidently main-
tained at a high level.

Particles precipitate on the blades of the first low-speed
wheel with small relative velocities and, usually, uniformly along
the entire blade surface. Therefore, it is possible to expect that
blade erosion will not take place here.

Experimental Study of a Birotative Turbine on
a Double-Phase Flow

A birotative two-stage turbine without immobile controlling ap-
paratus was studied using a mixture of cold air and water particles
scattered by pneumatic nozzles. The mean particle diameter was 30-
35 uym. The basic parameters of the turbine are shown in Table 5.

The power of both wheels was consumed by hydraulic brakes; the
number of wheel revolutions could be related to one another. In
conducting the experiments, special attention was given comparing
the efficiency of the turbine in cases of a fixed (usual scheme)
and rotating first wheel. Typical characteristics of a turbine with
a fixed and rotating first wheel operating on clean air and on a
double-phase flow with various concentrations of phases are shown
on Figure 52. Along the abscissa is plotted the value

JL)__V/“¥+“§
=T

’.
Cad

Clad

where u; and u, are circumferential velocities on the mean diameter
of the first and second wheel, respectively. Plotted along the or-
dinate is the value of the power efficiency of the turbine (with
regard to losses in the bearings)

_ 20+ N)
Gl

T ’

where N, and N, are measured powers of the first and second wheedl,
respectively. The turbine was studied on revoluations of ny = 0,
2500 and 3500 rpm with LE 1.6 and on revolutions of ny = 0,

3500 and 4500 rpm where T = 2.2.

In Figure 73 points are plotted characterizing the decrease in
turbine efficiency as a function of concentration of the liquid
phase with various revolutions of the first wheel and with (u/cgygq)g

= 0.5. The upper curve relates to a turbine with a fixed first wheel.
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Fig. 72. Characteristics of a

Birotative Turbine with a Brake
and a Rotating First Wheel Op-
erating on Air and on a Double-
Phase Mixture with Water Part-

i;les: Tr = 1.6.

As is apparent from the graph,

is almost rectilinear.

n ‘
Ze!

A1 7%

g '
ﬂﬁ\>}/./ -
f v &7 =
i _7,:;) /f//“§
S % e
4 /4 m=3500 "~
Z i N

P e R R

N NN

A

—n—

£t

W n 14 geh

Y

Fig. 73. Decrease in the Power
Efficiency of a Birotative Tur-
bine with an Inhibited and a
Rotating First Wheel as a Func-
tion of Concentration of the

Liquid Phase. T = 1.6-2.2;

(u/czqly = 0.5.

in this case the decrease in turbine
efficiency as a function of the concentration of the liquid phase
In addition,

a 1% increase in the relative /130

concentration of particles decreases turbine efficiency approximately
0.9%. This agrees well with published data concerning a decrease in
the efficiency of turbines operating on moist water vapor.

Change in Anlm max

Arlrou%
that

and losses from the roughness of the film
h are shown in the same figure. It is apparent from the graph
Nrough weakly depends upon the relative concentration of the

liquid phase and for a liquid of such low viscosity as water is in-
volved to a small degree in all supplementary losses.

The lower curves refer to the case of operation with a rotating

first wheel.

With the same concentrations of liquid, the decrease

in turbine efficiency proved to be less than with a braked wheel.
Where n, = 2500 rpm in the regions of low concentrations of the
liquid phase (g < 4%) the decrease in efficiency of a birotative

turbine does not exceed 1%

In the turbines studied with minimal revolutions of the first
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BASIC PARAMETERS OF AN EXPERIMENTAL BIROTATIVE TURBINE®

~:TABLE)_ S.w
Item Amount
Mean Diameter of the
Wheel 0.225
Dy in m
Height of Blades
Ry in mm 45
Ratio Dyp/hp 5
Angle Bl:
1st Wheel 135950
2nd Wheel ygos50 "’
Angle B,:
1st Wheel 22°
2nd Wheel 28°
“"Law of Turbine Shaping ¢, r = const

wheel, the value of u;/caq varied w
therefore, even with the concentrat

crease in efficiency of the first wheel did not exceed 2%.

pendence of the power efficiency of

ratio u,/caq 1 with =np = 1.6-2.2 is

1]1., coC ?-0———?

- | ost® ' "A]
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Fig. 74. Dependence of Power Ef-
ficiency of the First Stage Upon
Uuy/egq  With 7 1.6-2.2: C =

Pure gir; ® - Double-Phase Flow

(Water) with g, = 5-1u%.

ber of revolutions of the first whe
the liquid will increase. Moreover,

Item Amount

Angle of Flow

Revolution 8:

1st Wheel 22010

2nd Wheel 130°10!
Number of Blades z:

lst Wheel 27

2nd Wheel 55
Initial Temperature

T# in °K 290

0

Degree of Pressure

Lowering T Pg/P 2.2-1.6
Axial Clearance

xo, in mm 15
Air Consumption

GF in kg/sec 6-4

ithin the limits of 0.10-0.15;
ion gg = 14-15%, the maximum de-
The de-
the first wheel nr; upon the

given in Figure 74. The value
of n is calculated according /131
3! N1
to the formula n = == where
T, H

H is the adiabatic tﬁérmal

ad 1
gradient in the first wheel.

Experimental points character-
izing the operation of the stage
on a double-phase flow are suffi-
ciently close to the curve for
pure air This confirms the
highly efficient consumption of
the first (low-speed) wheel of a
birotative turbine operating on
a double-phase flow.

With an increase in the num-

el, losses due to separation of
on this wheel not all of the
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liquid phase separates since the condition in (172) has not yet been
fulfilled. Actually, in the turbines studied the angle of glade ar-
rangement in the first stage was y = 60° and the relative pitch t/7

0.6. Therefore, according to (172) for complete separation on the

first wheel it is necessary that ’

w o smv—tl ~qp5.
C cosy

The axial velocity upon entrance to the turbine ¢g is approxi-
mately equal to 70 m/sec where 77 = 2.2 and 66 m/sec for wp = 1.6.
In the case where n, = 2500 rpm, the ratio u,/e¢g = 0.44; where n; =
3500 rpm the ratio «,/ey = 0.58 and where n; = 4500 rpm u;/ecg = 0.75
Thus, where n, » 3000 rpm part of the liquid phase passes through
the blades of the first wheel and precipitates on the blades of the
second wheel. Since the number of revolutions of the second wheel
is significantly greater than that of the first (n2 = 12,000-17,000
rpm), losses due to impact are higher in it than in the first wheel.
With additional increase in the number of revolutions of the first
wheel a still greater portion of the liquid phase will precipitate
on the blades of the second wheel, and the total losses in the tur-
bine will increase.

Where n, = 2500-3500 rpm, the major portion of the liquid phase
is separated on the first wheel, since the flow through the second
wheel has a low concentration of the liquid phase.

The characteristics of the second wheel operating on pure air
and on the double-phase flow (nm, = 2500 rpm) are presented in Fig-
ure 75. As is apparent from the graph, with the concentration of
particles at 5%, the efficiency of the second stage is almost iden-
tical to the efficiency of the stage operating on pure air. With
greater concentrations of the liquid phase, losses in the wheel be-
gin to increase rapidly. Thus, with the concentration gy = 14.5%
losses total 11.5% (the lower curve). Such an increase 1in losses
can be explained by the fact that with elevated consumptions of the

liquid phase (gy > 8%) the radial
clearance above the second wheel

—f—eg,~0 is filled with a viscous liquid,
o /455; ) 2 inhibiting wheel rotation.
g Ot
o .Sl
/‘7 4 Aso Fig. 75.(left) Dependence of Ef-
@ L M i ficiency of the Second S+age upon
‘ /C//// u, e d2,with Operation on Air and
A d a
’W'// on a Double-Phase Flow; 7, = 2500
as-/ R rpm, 7, = 1.6.
q3 Q4 Qs us/C 43
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§5. Turbine Operation on a Double-Phase Flow

with Solid Particles

In practice there are cases of turbines operating on double-
phase flows with solid particles. For example,
in the gudri technological o0il refinery system operates on hot gases
(¢p = 550-600°C) with a significant content of porcelain particles
used as a catalyzer. Solid particles are contained in the combustion
products of liquid or solid fuel with the addition of aluminum, mag-
nesium, etc. Finally, a large number of solid particles may be con-
tained in the products of petroleum combustion containing ash and
of coal fuel. The melting point of several chemical compounds found
in the combustion products of various fuels is given in Table 6.

a gas turbine included

TABLE 6. .
___?ubStéP?E tmelﬁ_é? Subst?nce tmelt °Cll Substance tmelt °C
MgO 2500 Fe,0, 1565 N,0-V,0q 630
Cao 2572 5i0, 1480 B,03 580
A1203 2050 NaZSOq 880 Na,5,0- 400
V203 1870 VZOS 680

Turbine Operation on a Double-Phase
with "Sticky" Particles

As is apparent from Table 6, several substances
in the flow parts of the turbine in a "sticky" state
ening temperature. Such a state is most unfavorable for turbine op-
eration, since particles precipitating on the walls of the flow
section are not carried away by the flow, as are liquid particles,
but form sclid deposits. Even with an initial conc¢entration of such
particles in the flow of less than 0.1%, deposits on the blades
quickly increase, leading to an abrupt deterioration of turbine ef-
ficiency.

may be found
near the soft-

Thus, according to reference [43], a gas turbine on the Wengau
Power Plant in Switzerland, operating on the combustion products of
heavy masut where ¢y = 650°C, must be washed with water for 20 hours
after every 300-400 hours of operation in order to remove the ash
deposits. In the turbine of the Parsons firm using an analogous
fuel, efficiency dropped to almost zero 10 hours after operation
began.

A growth of deposits of small "sticky" ash particles (d < 10 um)
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having a minimum kinetic energy is especially intensive. Large par-
ticles (d > 20 um) having an elevated kinetic energy, precipitating
on a surface , knock the previously formed deposits of ash off, and
in a sufficiently large concentration in the flow, deposits may be
substantially decreased. With dimensions of "sticky" particles of

d > 30 um or with an elevated concentration of them, erosional wear
of the surfaces undergoing Iimpacts may take place.

In order to ensure prolonged efficiency of such turbines, the
nozzle apparatus 1is protected by water vapor; also periodic washing
of the flow part by water sprayed into the flow is used, which leads
to a destruction of deposits and their being carried away by the gas
flow; the addition of Si, Al, Mg etc. to the fuel, elevating the
temperature of the softening point of the ash, may also be used. It
is also expedient to use additives to lower the melting temperature
of the ash, which will be carried away from the flow part in a liquid
state, since deposits will not increase.

2. Turbine Operation on a Double-Phase Flow
with Particles not Forming Deposits

From the experience in operating turbines on double-phase flows
with solid particles not forming deposits, it is known that the bas-
ic difficulty is the struggle with erosional wear of the flow portion
elements by the suspended particles. Basically the nozzle blades
erode in the region of the intake edge and on the concave side; the
working blades are also subject to wear, but to a significantly
smaller degree (Fig. 76).

The distribution of particle concentrations in front of the /134
turbine greatly depends upon the shape and dimensions of the con-
ducting conduit, the presence of bends in it, stagnant zones, etc.

In particular, along the conduilt wall, especially in its lower por-
tion, fly-ash may move slowly with a very high particle concentra-
tion. Therefore, nozzle blade wear will be very nonuniform along

the circumference: in addition to intensively eroded blades (in

the zone with increased concentration of particles), in the same ring
there may be blades completely untouched by erosion. Due to the
rotation of the working blades there is usually uniform wear along
the circumference.

In nozzle apparatus an intensive separation of particles more
than 15 um in size takes place on the convex blade surface., Usually,
at the entrance to the nozzle apparatus the flow velocity equals
150-200 m/sec. In nozzle apparatus the flow and particle velocities
increase; therefore, with particle iImpact on the concave surface
their velocity may reach 200-300 m/sec. In contrast to liquid drops,
after impact on the surface solid particles bounce approximately ac-
cording to the laws of elastic body collisions. At the moment of
impact a particle may be destroyed.

A particle which has bounced from the surface of the blade
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after impact maintains a high initial velocity of motion; moreover,
it may acquire a whirling of up to n = 10%-10% rpm.’ '

In a cross sectional area
c and in the axial clearance
l ’ the particle velocity continues
to increase, so that on entrance
to the working blades it is us-
3 ually near the gas velocity,

Therefore, in the working con-
duits particles impact under
small negative angles of attack
\ which leads to insignificant
wear of the intake edges and
the concave surface of the work-
ing blades (cf. Fig. 76). With
an increase in particle size
their lag behind the gas and,
consequently, even the angle of
attack, increase; wear of the
intake edge at the same time

/ .,t‘n u 2
/// begins to predominate over the
wear of the concave blade sur-
(A face.. With a particle diameter
d < 5 pm almost no blade erosion
. is observed.

n u wr

'ig. 76. Flow of a Double-Phase In the majority of cases,
lixture with Solid Particles in particles maintained a high cir-
‘he Flow Section of a Multi-Stage cumferential velocity component
'urbine (Zones of Erosional Wear even upon exit from the working
»f Blades are Noted). blade. Therefore, they impact

upon the nozzle blades of the
‘ollowing stage with a negative angle of attack, which leads to char-
icteristic erosional wear of their intake edges.

From a comparison of the velocity triangles shown in Figure 76,
it is apparent that losses due to particle impact on the working
blades are small. If the circumferential components of particle
velocity in the working wheel decrease, then the particles will per-
form useful work.

Thus, if the particles are solid and do not form deposits, there
is no source of great supplementary losses in the turbine; therefore,

“The rotation of a particle being blown about by a gas may lead to
the appearance of a supplementary lateral force acting on the parti-
cle in the direction from the concave to the convex surface of the
interblade conduit. This force may distort the trajectory of par-
ticle motion (author's note).
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its efficiency is maintained at a high level until a substantial
change in the shape of the conduits and the clean state of the noz-
zle surface in working blades takes place due to erosion. With a
concentration of particles gy < 5%, it is possible to ignore all
other losses from the double-phase nature of the flow; i.e., those
due to particle acceleration and their impact on immobile surfaces,
those due to gas friction on the particles, etc.

3. Erosional Wear of the Flow Section FElements
of a Turbine by Solid Particles

Erosion of the flow section elements depends upon the concentra-
tion and abrasive characteristics of the particles. Solid particles
with a crystalline structure (such as Al,0, or SiOz) cause especial-
ly intensive wear. Moreover, erosion to a significant degree is a
function of distribution of particle concentration in the cross
sectional area. For example, in multi-stage turbines operating on
a double-phase flow with a small content of solid particles (gyx < 1%),
often intensive erosional wear of the nozzle apparatus at intermedi-
ate stages 1s observed on the external diameter. The first stages
and, in a number of cases, even the final stages are not eroded.

This is explained by the fact that due to the intensive particle
separation in the first stages their local concentration in the
peripheral sections of the intermediate stages increases. In the
final stages, erosion may be significantly decreased due to part-
icle break-up in the preceding stages.

In one of the turbines studied by the author, the flow portion /136
of which is depicted on Figure 77, an intensive erosion of the exit
edges of working blades was observed
on the periphery. The turbine op-
erated on a double-phase flow with
a very small content of liquid par-
ticles on a regime u/czq = 0.3.

Such erosion may be explained by
the improper construction of the
exit section of the turbine. Ac-
tually, due to significant whirling
of the flow upon exit from the
turbine, a large quantity of the
liquid phase rapidly accumulated in

cavity A. Only very small particles
Fig. 77. Erosion of the Exit could overcome the influence of
Edges of the Blades in a Tur- centrifugal forces and fly out with
bine with an Improperly Con- the gas flow into the exhaust pipe.
structed Exit Section. (The The liquid phase, rotating in cavity
Dotted Line Indicates the A under - the action of the whirling
Changed Exit Section). of the flow in a direction opposite

the rotation of the working blade,
led to erosion of the exit edges and also to significant losses in
turbine power. After a change in construction of the exit section
(it was made purely axial without a bend, erosion ceased completely.)
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An analogous phenomenon was observed by V. T. Mitrochin and
A. I. Loskariv [33] in.centripetal turbines. The radial clearance
between the nozzle and working blades in such turbines is converted
into a unique trap for particles, where they rapidly accumulate in
a large number. Only the very smallest particles, for which the
aerodynamic influence of the gas flow in the case defined by Stokes'
law is greater than the centrifugal force acting upon them, are car-
ried by the flow from the region of radial clearance into the work-
ing wheel and further into the exhaust pipe.

A suspended phase capable of being attracted by the gas (or
vapor) is rotated in the radial clearance and, according to the ob-
servations of A. I. Loskariv, may cause erosional wear of both the
nozzle and the working blades. The working blades overtake the
particle and scatter it to the nozzle blades. With a small angle
@1, a particle which has struck a nozzle blade remains in the rad-
ial clearance; in this case, mainly the nozzle blades are erocded; .
their exit edges may even be bent in the direction of rotation (Fig.
78a). With large angles o,, particles rebounding from the nozzle /137
blades at a high relative velocity wy impact against the working
blades; here even the working blades are intensively eroded and their
exit edges may be bent against the rotation (Fig. 78b).

In a centripetal turbine
intensive erosion takes place
even in the case of liquid par-
ticles. A liquid film having
formed in the clearance impacts
the exit edges of the nozzle
blades and causes their erosion.
Therefore, operating centripetal
turbine on double-phase flows
is inexpedient.

Fig. 78. Schematic Drawing of

Particle Motion in a Centripetal According to reference [H40],

Stage: (a)with Small Angles ua,; erosional wear of the surface

(b) with Large Angles aj. takes place primarily under the
action of two factors: mechan-

ical scratching activity of the sharp faces of a particle at the mo-
ment of impact, and thermochemical influence of the surrounding med-
ium and of the particle itself on the metallic surface in the contact
zone. Actually, due to contact stresses arising upon impact of a
particle against a surface at a high velocity, heating and plastic
deformation of the surface layer of the material and the particle

may take place. Moreover, the temperature of the metal in the con-
tact zone may exceed its melting point, so that liquid particles of
the metal spin off the surface and burn in the hot gas flow, usually
containing a large amount of oxygen.

This is confirmed by the surface glow, observed in reference [LO],

on a model subjected to a stream of high velocity ash particles. A
bright yellow glow started at the moment the ash particles began to
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be supplied and became more intense with an increase in flow velocity.
After the appearance of erosional depressions on the model, the glow
increased. Temperature measurement of the surface layer of metal by

a microthermocouple, riveted flush to the surface of the model hav-

ing a temperature around 480°C, confirmed the possibility of surface
heating by particle impact. At the moment when the ash supply began

the temperature increased abruptly by several tens of degrees (At < /138
87°C). Certainly, a certain average temperature of the surface was
measured here, since the contact zone between the particles and the
surface was significantly smaller than the dimensions of the thermo-

couple.

In the same paper it was shown that the rate of erosional wear,
to a significant degree, depends upon the angle of particle impact.
As indicated in the graphs (Fig. 79) obtained in reference [40], max-
imum surface wear takes plcce when it is blown upon by particles
under an angle of 4 = 30-35°; here the amount of wear was measured
in grams of metal per kg of ash (curves in the figure represent
rounded off experimental points). At angles less than 15° and great-
er than 60°, the rate of erosional wear decreases more than twice.

In the experimental process the temperature of the gas and of the
steel model containing 5% nickel equalled 530, 590 and 650°C.

A decrease in wear with angles

Ac%f%#ﬁﬁ' 7 < 20 is explained by the decrease
o4 - in the component force of impact
/AR\> normal to the surface of the mod-
& )T - el; this 1is the force pressing a
2 A //\\_E\ cutting face of the particle to
4 //'/’ N the surface, thus decreasing the
41;// \\\P\\ depth of cutting and the thickness
‘\QQTi . of the removed chip. Moreover,
S RN S— with small angles the number of
0 15 30 45 60 75 ddegrees particles striking a surface unit
decreases significantly. On the
Fig. 79. Model Wear as a Func- other hand, with angles ¢ > u5°
tion of the Angle of Impact by particles cut deep into the surface
Ash Particles on its Surface. of the metal so that slippage and,
consequently, even removing a chip
become impossible. Under the action of particle impact the surface
is distorted only by plastic deformation and the thermochemical in-
fluence of the surrounding medium. Also, particle break-up at the
moment of impact evidently leads to a decrease in wear. Only at

angles close to 30° do both the indicated factors (cutting [scratch-
ing] by sharp facets of particles; thermochemical influence of the
medium and of the particles; and, consequently, even the velocity

of erosional wear) attain maximum valnes.

In the same study a dependence of the rate of erosional wear on
particle size (Fig. 80) was discovered. Maximum wear of a surface
struck by ash particles under an angle 7 = 30° with velocities near
the speed of scund (in gas phase) were observed with a particle size
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of 35-40 um. Decrease in wear with a decrease in particle size can

be explained by the fact that their trajectories in the boundary lay-

er deviate from straight lines, and the particles impact against the
surface of the model under significantly smaller angles. With 1im- /139

ited sizes, the small particles (d < 5 um) do not at all reach the
surface of the model.

Very large particles are not accelerated by the gas and impact
against the surface at relatively low velocities. Moreover, as a
rule large particles have a more friable structure and are several
times less hard than monolith particles of average and small dimen-
sions. Therefore, upon impact against a surface large particles are
easily destroyed and their erosional influence decreases.

The dust-gas mixture with
Angfﬁeﬁl particles of average dimensions
a8, > formed after the destruction of
large particles may have greater
a7 %o : erosional characteristics than the

- ZX\ original mixture. Actually, with

| " secondary utilization of particles
Qﬁ( X o collected in a cyclone after being
B q
Q

blown against the model, erosional
05 P 3 wear of the surface increased sub-
* °\< stantially. Therefore, while in

AN the original mixture large particles
04 : are maintained, maximum erosion may
be observed in the intermediate
43 N2 stages of multistage turbines. Due
N to repeated particle break-up in
o'\\\\ the first stages, erosion of the
4z latter stages may be substantially
decreased.

00|

p O
Q]

47 ;
g 100 wo 300 4004 nen Data presented in Figure 80

depends upon the experimental con-

Fig. 80. Wear of a Model as a ditions and only qualitatively
Function of Ash Particle Size. characterize the phenomenon under
consideration. Under natural con-

ditions, erosion of the flow portion elements of a turbine will, to
a significant degree, be determined by the specific characteristics
of the kinematics of the mixture flow in the spatial immobile and
rotating blade apparatus, i.e., by the influence of particle sep-
aration in the blade apparatus under the effect of centrifugal
forces; particle separation in a radial direction under the effect
of the whirling of the flow between the blade rims; the shape, di-
mensions, structure and characteristics of particles; boundary lay-
ers on the internal and external surfaces of the flow section
secondary flows at points where flow interruption is possible in the
zone of vapor vortices and in the zone of contractions between /140

stages; finally, by the influence of the conditions of particle
formation in the combustion chamber, of conduction of the double-phase
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mixture to the turbine, etc.

In addition to the hardening of materials (which may not always
provide a positive effect), in order to decrease the erosional wear
of the flow section elements of an axial turbine by solid particles
it is especially important to remove factors which lead to an in-
crease in local particle concentration. TFTor a multi-stage turbine
it is very expedient to effect
preliminary particle separation
in the expanded axial clearance

A
\ A ] of the first stage (Fig. 81). A
- mixture with an elevated concen-
tration of particles formed in the
3 » peripheral sections, after clean-
N ing in a separator, may be let
into the subsequent stage or into
; zu 6 the exhaust pipe from the turbine.
It may prove expedient to
select some of the working fluid
Fig. 81. Schematic Drawing of a from the zones with elevated par-
Multi-Step Turbine with a Separ- ticle concentration; for example,
ating Space: (1) Nozzle Apparatus from the peripheral sections of
of the First Stage; (2) Rotor; a spiral conveyor in the case when
(3) Separating Space; (4) Spiral a snail conveyor is used to conduct
Conveyor for Removing the Sep- gas to the turbine.
arated Phase; (5) Exit Nozzle;
(6) Air Conductor to the Seals 4. Turbine Operation on
Between Stages. Powdered Coal Fuel

The creation of powerful gas
turbine installations using solid coal dust fuel has an important
national economic significance. Such-gas turbine installations may
be used in combined operations with steam turbine installations, as
independent power installations iIn mountain power plants, as well
as for power plants in dry regions, and for driving locomotives.

Considering that the necessary resource of stationary gas tur-
bine installations must reach 50-100 thousand hours and more, the
decisive problem is the struggle with erosional injury to flow sec-
tion elements of the turbine by ash particles. Let us consider the
basic results of experimental use of such turbines presented in
reference [38].

A four-stage locomotive turbine was operated on combustion prod-
ucts of powdered coal fuel for 26,000 hours. After this period,
intensive ercsion of the working blades of the second and subseguent
stages were noted near the crankshaft and the region of the exit
edges (approximately 25-30% of the cross section of the blade). The
flow section of the turbine and a schematic drawing of the erosional
wear are given in Figure 82a. Such wear of the working blades was
caused by ash particles in the gas blowing through the seals between
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the stages. Actually, the velocity of the flowing gas and, conse-
quently, the particles contained in it substantially differ from
the velocity of the basic gas flow upon entrance into the working
blades. Therefore, near the crankshaft the particles fall on the
working blades at a large angle of attack and cause erosion of
their surface. Erosion of the middle part of the nozzle and work-
ing blades was insignificant, since the particles of ash were small
and easily attracted by the gas flow.

Particles present in the boundary layers on the internal and
external surfaces of the flow section may also cause erosion of
the nozzle and working blades. This is explained that by the fact
that due to losses caused by friction of the gas on walls and the /142

breaking action of particles during their mechanical interaction
with the wall, the particle velocity in the layers near the walls
may substantially differ from the velocity of the basic gas flow
both in size and direction.

In 1963, experiments were performed on an analogous 5-stage tur-
bine, modernized with the aim of decreasing its erosional wear. A
schematic drawing of this turbine is presented in Figure 82b.

5

!
7777

AN

& ¢

Fig. 82. Schematic Drawing of the Flow Section of a Gas Turbine In-
stallation Operating on Powdered Coal Fuel: (a) Original Variant;
(b) Improved Variant; (c) Final Variant: (1) Nozzle Blades; (2)
Working Blades; (3) Separating Space; (4) Inserts of Titanium Car-
bide; (5) Zones of Erosional Wear.

In contrast to the preceding construction, the diameter of the seal
of the nozzle apparatus at the intermediate stages was chosen to be

maximally large. However, after 1100 hours of operation, erosion
to a depth of 2-3 mm was discovered on the exit edges of the work-
ing blades near the crankshaft. As before, erosion was caused by

particles contained in the gas flowing through the seal.
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In an additional development, the axial clearance between the
| nozzle and working blades of the first stage increased approxi-

mately to the height of the working blades (Fig. 82c). This was done
in order to separate the particles in the peripheral zones of the
flow section, since wear on the peripheral sections of the nozzle
and working blades is less dangerous than wear on the crankshaft
sections. Moreover, by the crankshaft of the working blades and
on the tails of the nozzle blades protective inserts of titanium
carbide were made; they were approximately 9 times more wear-resist-
ant than the chromium cobalt alloy X40 from which nozzle and work-
ing blades were made.

The indicated construction changes allowed a substantial de-
crease in erosional wear; however, as before it was inadmissible.
During turbine operation the concentration of ash in the flow did
not exceed 0.28 g/m3. The composition of the ash was the following:
19.2% Fe 0,;21.5% Al,05; 38.4% Si0O,; 7.3% Cal; 1.6% MgO; the rest
was Na,0, K,0, TiO, and SO3. The softening point of the ash was
1225°C, the melting point 12u44°C. Such high melting and softening
temperatures are explained by the high content of refractory oxides
in the ash. Particle distribution based on sizes is given in Table 7.

TABLE 7

Total Weight in % of Particles
Measuring Points Greater Than 1 pym in Size

r————

20 15 10 7 5 3 2

On Entrance to the Turbine 3.16| 7.33 }20.6 [36.6 |54.6} 81.2) 100

After the 5th Stage 0.99] 2.51 6.2 |13.3 27 65 100
The turbine had the following parameters: gas temperature at

intake t, = 645-675°C; gas temperature at exit tT = L400°C; gas

pressure at intake 0.4:10% n/m?; number of revolutions n = 5200 /143

rpm; power developed N7 = 9350 kW (usable power, transmitted to the
generator equal approximately 1500 kW).

From the table it is apparent that particles were significantly
pulverized in the flow section of the turbine. Thus, while upon
entering the turbine the size of around 80% of the particles was
d < 10 pym, after the final stage there was already around 94% of
such particles.

Despite the high average softening temperature of the ash, its
easily melted components were progressively deposited on the nozzle
blades of the first stage. In several cases, the deposit covered
the flow section so extensively that in an attempt to clear the gas
turbine installation, the compressor began to stall. Deposits on
the nozzle blades of the final stages were insignificant and were
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located basically on the spines and between the blade shafts. On
the working blades there were no deposits.

As must be expected, due to particle separation and the in-
creased axial clearance of the first stage erosion was observed
primarily in the peripheral sections of the nozzle blades (except
for the first stage); as before, erosion was insignificant at the
base of the working blade. In order to decrease nozzle blade
erosion in the future, it was proposed that some of the gas with
an elevated particle content be allowed to flow from the peripher-
al region of the separating space behind the turbines.

In order to decrease erosion of the base section of the working
blade, evidently it is very expedient to provide cooling air into
the fields between the stages, as was shown above in Figure 81.
This eliminates overflow of the double-phase mixture between the
atages and creates a boundary layer on the walls with a decreased
particle content. Moreover, the temperature conditions are im-
proved for disk  operation and for working blades in base sections
subject to the greatest stress.
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CHAPTER 4

THE OPERATION OF AXISYMMETRICAL NOZZLES AND
TURBINES ON MOIST VAPOR

The flow of moist vapors in the flow section of a jet engine /1l4L
or a turbine engine is usually accompanied by both equilibrium and
nonequilibrium phase shifts. This makes the problem of investiga-
tion still more complicated in comparison with the flow of double-
phase mixtures with a constant phase concentration considered above.
Until recently, calculation of the flow of moist vapors were gen-
erally based on thermodynamic theories. However, in the majority
of cases the results of calculations were not confirmed by experi-
mental studies, which indicated that a purely thermodynamic method
was not suited to studying the flow of a moist vapor.

Actually, thermodynamic equations have no variable such as
time. In other words, all processes in thermodynamics are considered
as infinitely slow and equilibrium. It is natural that processes,
characterized by very rapid changes in parameters according to
time, may proceed according to other laws, whereupon it 1Is impos-
sible to establish these laws within the framework of thermodyna-
mic theories.

As an example we shall mention that the supersonic flows of
moist water and mercury vapors, in the majority of cases, are ac-
companied by supercooling and discontinuities in condensation; in-
tensive precipitation of the condensate takes place and the vapor
attains a state close to equilibrium. The possibility for the
appearance of supercooling and the nature of the supercooling and
discontinuities in condensation (the dependences of the partial vapor
pressure upon the curvature of the liquid surface) are established
from the thermodynamic dependences for moist vapor. However, devel-
opment of the supercooling process and the discontinulties themselves
are determined by diffusion of vapor molecules to the surface of
an embryonic drop, by elimination of condensation heat escaping on
its surface and by relative motion of drops and vapor; i.e., by
processes which to a significant degree depend upon time,

Since the expansion of moist vapor in a supersonic nozzle con-
tinues for several milliseconds, the influence of these processes
may be decisive. It is natural that, in order to describe these /145
processes, it 1s necessary to introduce the methods of molecular
physics, gas kinetics, hydrodynamics, etc.

However, it is apparent from the given example that thermo-
dynamic methods continue to play an important role in the study of
such flow. Nevertheless, several characteristics of the flow (for
example, available work of the moist vapor and the parameters of
its state after a discontinuity in condensation) are determined
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with the aid of thermodynamic methods.

It is also necessdry to bear in mind that, as a rule, all
experimental studies were carried out on moist water vapor at low
temperatures not exceeding 150-200°C, at which the coefficient of
diffusion is relatively small; the coefficient of surface tension
of the liquid, on the other hand, has elevated values. This does
not exclude the possibility that in nozzles of powerful jet engines
using Al + 05, Mg + Oo, B + 05, Li + Ft and other components as a
fuel, due to the very high temperature of the working fluid and
lowered gradients of the flow velocity along the nozzle as well as
to the possible intensive contamination of the vapors by various
particles, the condensation process 1s approximately equilibrium.

§1. Several Thermodynamic Relationships With Moist Vapor

As is known [9], for a saturable vapor above the flat surface
of a liquid there is a dependence between its pressure and temper-
ature definable by the Clausins-Calpeyron formula:

dp_ r

T Ton—og (173)

In a region removed from the critical point it is possible to
ignore the specific volume of condensate vx, which is small in com-
parison with the specific volume of the vapor phase vy; moreover,
the state of a dry saturable vapor may be expressed by the equation

vg = R,T.
PUa n (174)
In this case equation (173) will be written as:
dp _ _rdT
p RnT’ )
Assuming the heat of vapor formation to be constant (r = const)
or a linear function of the temperature (» = a - bT), we obtain a
clear dependence of vapor pressure upon temperature. For example,
in the case of » = const, integration of the last equation gives
‘exp (——'—) = const;
P RuT (175)
in the case where r» = a - bT
prIR“ exp (—a—) = const. (176)
RyT.
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The specific volume of the moist vapor v = wpx + yx(1 - z),
where £ 1s the degree of dryness of the wvapor.

If we ignore the volume of the condensate, then

= UnX,
: (177)

The equation for consumption of moist vapor is

G=Fcp or G,= Fcpy. (178)

Let an equilibrium adiabatic expansion of the vapor from the
dry saturated state take place. In the expansion process some of
the vapor is condensed. The equilibrium degree of dryness of the
vapor 1s determined from the condition of the entropy constant in
the expansion process

S= S,‘(T)‘-}-cp,‘ln-;l-i-—;"—o = 8, (T) + = x = const,

where Sx(TI') is the entropy of the condensate with a temperature T;

Tg, rop are the temperature and heat of vapor formation in the dry

saturated state at the beginning of expansion. Hence,
=T r 4 TepxppTo

T (179)

The energy equation for moist vapor is:

2

62
o+ 2 =itx +(1—2)

o
2

. Ty
where jo=ix(T)+ |¢pdT+ro is the enthalpy of the vapor at the beginning
T of expansion;

Z = Zg(T) + xr 1s the enthalpy of the moist vapor;

2k (T) 1is the enthalpy of the condensate with temper-
ature T;

Cps is the thermal capacity of the condensate
along the left boundary curve.

Assuming Cps = Cpk = const and ignoring the particle lag behind
the vapor flow (since the diameter of the particles in the conden-
sate usually does not exceed several microns), this equation may be
rewritten in the following form:
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T T
H= (pTo+ 1) (1= 7-) = TopeIn > = —5—

2
r—cy

2 (180)

where H = 29 ~- Z.

Let us consider the conditions necessary for the appearance of

condensation in the vapor flow. In the majority of cases, conden-
sation begins on the embryonic drops. It is known that the satur-
ated vapor pressure above a free liquid surface varies with the
shape of the surface. For spherical drops, the diameter of which
exceeds 10”2 m, the following relationship obtained from Laplaces'
formula is correct:

where pe 1s the saturated vapor pressure above a flat liguid sur-
face with a temperature T.

L —_ exp (_4.L_

Po pxRaTd (181)

The ratio p/pe is usually called the degree of supersaturation.
From the equation is apparent that the saturated vapor pressure
above a liquid droplet is greater than the saturated vapor pressure
above a flat surface with the same temperature. With the given
drop size, the degree of supersaturation is usually great in a
region removed from the critical point. On the other hand, in the
case of an approximation of the parameters of the vapor to the
critical its temperature increases and the coefficient of surface
tension of the liquid decreases; therefore the degree of supersatur-
ation decreases. At the critical point ¢ = 0 and p/pe = 1l; however,
at this point the distinction between vapor and liquid vanishes.

Thus,
a certain supersaturation of vapor is always required.
decrease in drop diameter the degree of supersaturation
rapidly increases. As an example, values of the degree
saturation p/p. for water and mercury where p ~ 0,1.106
ing upon drop diameter are presented in Table 8.

for vapor condensation on the surface of a liquid drop
With a
necessary

of super-
m/m2 depend-

According to formulas (175) and (176) obtained for the flat
surface of a condensate, with an increase in the saturated vapor
pressure, its temperature also increases. A higher temperature T

would correspond to the

. TABLE 8 _ vapor pressure p at which
Degree of Supersaturation its condensation begins on
Liquid of Vapor P/Pw with Drop the surface of a given size
__Diameter in m drop above the surface of
10-7 10-8 10-9 the condensate thgn that
- - - T - == temperature at which con-
densation takes place in
Water 1.02 1.22 7R reality. Therefore, the
Mercury 1.09 2.3 4000 actual state of the wvapor
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at the moment of condensation on a drop may be considered as "super-
cooled" in relation to the equilibrium temperature I_ above the

flat surface of the condensate with the same pressure p. The 4dif-
ference between this equilibrium temperature and the actual temper-

ature
AT=T.—T (182)

is called the degree of vapor supercooling. Formula (181) was /148
transformed by Ya. I. Frenkel to

To _exp (£
7= (e ) (189)

Then with a small degree of supercooling

4sT
purd

AT = (184)

The values of the degree of supercooling AT for water and
mercury with pa~ 0.1:10% n/m?2 are presented in Table 9.

A supersaturated or supercocled vapor state is unstable and
may exist for only a limited time. Condensation developing on
individual very large drops as well as on the vessel walls in time
returns the vapor to the equilibrium state.

Between a supercooled and dry saturated (and even superheated)
vapor there are no fundamental qualitative differences, since the
characteristics of these
TABLE 9 vapor states do not appear
with internal molecular or

Degree of Supercooling hydrodynamic processes i
Liquids of the Vapor AT in °K y y P > n
with Drop Diameter in the vapor, but only with
their interaction with the
m X . X
- external medium in relation
10-7 10~ 8 1079 to the vapor phase (for
— A example, with the vessel sur-
Water 0 5 39 face or a particle of con-
Mercury 4 30 350 densate). Actuglly, the same
J S vapor may be simultaneously

considered supercoocled in
relation to the flat surface of the condensate, saturated in rela-
tion to a particle whose size satisfies equation (181), and super-
heated in relation to a particle of smaller size. Certainly, with
an increase in supercooling in relation to the flat surface of a
condensate the rate of embryonic drops formation increases; however,
in view of their very small total mass the influence of this factor
on the characteristics of the vapor phase evidently is insignificant.
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The size of a liquid drop satisfying equation (181) is called
critical. If with a given degree of supersaturation the diameter
of a liquid drop is less than critical, i.e., the vapor pressure
above the surface of the drop is less than the pressure of the
saturated vapor above the surface, then the drop evaporates. Con-
densation 1is possible only on drops whose diameter exceeds the cri-
tical diameter (when the vapor pressure is equal to or greater than
the pressure of the saturated vapor above the surface of the drop).

Embryonic drops forming with expansion of the saturated vapor
have an arbitrary diameter. Conservation and further growth are /149
possible only for the largest drops, the diameter of which exceeds
the critical diameter. Smaller drops prove to be unstable in rela-
tion to the vapor and rapidly evaporate.

Thus, the formation of embryonic drops larger than the critical
size is a necessary condition for the beginning of condensation.
This same condition may be formulated

Pﬂh \1 ) d somewhat differently: with a given
og average dimension of embryonic drop
formation condensation is possible
only with a degree of supersaturation
06 which exceeds the values determined

= by formula (181). As the dimension

0.4 g Poo_ of embryonic drops does not usually
* éhtkésn\‘”kh exceed 10™% m, the degree of super-
section . | L __ saturation of the vapor necessary for
2 } b the beginning of condensation may be
¢ “%@%”“ very high. Conditions for the devel-
',NJUU, T opment and the course of condensation
-40 0 40 80 x mim and also discontinuities in conden-
- sation are considered below.
Fig. 83. Static Pressure
Distribution Along a §2. The Exhaust of a Moist Vapor
Nozzle During Exhaust of from a Supersonic Nozzle
a Saturated Water Vapor:
Mecsle = 1.65 Py = 0.1-10° As was already noted, almost all
n/m=; tg = 102°C; experimental studies of moist vapor
————— Change in the Rela- exhaust are related to water vapor.
tive Pressure where k = According to the data in [16, 6117,
1.3. water vapor exhaust takes place with

a great degree of supercooling and
with discontinuities in condensation in the supersonic part of the
nozzle. A discontinuity in condensation is accompanied by a dis-
continuity in compression; therefore it would be more accurate to
call it discontinuity in condensation compressions. The form and
distribution of both discontinuities are uniform. In the majority
of cases, indirect discontinuities are possible. The intensity of
a discontinuity in compression accompanying a discontinuity in con-
densation is usually small since, after discontinuity, the velocity
of the vapor remains supersonic. Figure 83 represents pressure
distribution along a supersonic nozzle during saturated water vapor
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exhaust with a discontinuity in condensation obtained in reference
fu9]. The dotted line on the graph corresponds to the calculated
pressure distribution with the assumption that the vapor is expanded
with complete supercooling and that the adiabatic index of super-

cooled vapor is ky = 1.3.

Let us consider the characteristics of vapor condensation in
a flow and the conditions required for the appearance of discontin-
uities in condensation.

1. Condensation in the Process of Adiabatic Exhaust /150
of Moist Vapor from a Nozzle

In the majority of cases, industrial steam has a high frequency
and is almost free of impurities and ionized dust particles, which
may serve as condensation centers. Therefore, with expansion of
vapor from a superheated state, condensation is possible only on
embryonic droplets.

During the expansion process the vapor temperature drops and
reaches the supercooled state corresponding, at least, to the be-
ginning of condensation on present and newly-forming embryonic drops.
It is necessary to note that condensation on the nozzle walls 1is
impossible since the vapor temperature in the boundary layer is
approximately equal to the temperature of a stagnant flow.

For an intensive development of condensation it is necessary,
in the first place, that the number of embryonic drops be sufficiently
large and, in the second place, that the rate of condensation not
be significantly less than the rate of change in vapor parameters
during its expansion process. Let us consider these conditions.

The rate of formation of embryonic drops with critical diameters
in a moist vapor flow was studied for example, by Ya. I. Frenkel
[53]. The formula obtained on the basis of the kinetic theory of
liquids which Frenkel developed has the form

J PN, - ( nod? | ) pd? l/ ks T In p/pe
= —2_ lexp|— na,
RyTpimointa | P Bk@T 2ky T 3Mpgy 3 (185)

where J 1is the number of drops forming per unit time in a unit
volume of wvapor;

Na is the Avogadro number;
Umd is the molecular weight of the vapor;
lempb 1s the number of molecules iIn an embryonic drop;
Mmo1l 18 the molecular mass;
kg is Boltzman's constant;
cr is the critical diameter of an embryonic drop.

The formation of embryonic drops takes place as a result of
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fluctuations with the chaotic heat motion of molecules. However,
in a superheated vapor accumulations of molecules which are formed
disperse rapidly; with a decrease Iin temperature and approximation
of the vapor state to the saturation line, embryonic drops become
more stable.

As a result of fluctuations, particles of various sizes are
formed. However, with a small degree of supercooling only the
largest drops, the size of which exceeds the critical, are "acti-
vated" (i.e., are transformed to a stable state in relation to the
surrounding vapor so that vapor condensation may take place on their
surface). The total number of such large drops in a vapor is small.
According to equation (181) with an increase in the degree of super-
cooling the critical diameter of a drop decreases; therefore, a
still greater number of embryonic drops is activated.

According to (185) the number of such activated embryonic drops
very strongly depends upon the degree of vapor supercooling. If
for saturated water vapor J = 0, with a degree of supercooling AT =
50°C and a pressure p~ 0.1-10°% mm2, then J ~ 1027 sec”! m™3. Cer-
tainly, the size of the majority of activated particles is very
small and does not exceed 1072 m. Therefore, the total amount of
matter contained in the embryonic drops is small and composes a
fraction of a percent of the "diagrammatic'" moisturey i.e., that
amount of condensate which would correspond to an equilibrium pro-
cess.

4

According to equation (181), condensation on an activated
embryonic drop must be developed in avalanche fashion, since with
an increase in drop diameter the vapor pressure begins to substan-
tially exceed saturated vapor pressure above its surface. However,
with moist vapor expansion in a supersonic nozzle, this is not
observed since the condensation rate is limited by the processes
of diffusion of vapor molecules to the particle surface and elimi-
nation of the precipitating condensation heat.

Due to the small size of embryonic drops it is possible to
ignore their lag behind the vapor, even with great supersonic flow
rates, and to assume that condensation takes place on a drop which
is immobile in relation to the vapor. '

As is well known, the transfer processes depend upon the rari-
faction of the gas (vapor) characterized by Knudsen's number:

Kn = %1/d, (186)

where I 1s the free path length of a molecule;
T_ kn xRy T
. l-fpl/—s . (187)
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Where Kn < 0.001 it is possible to consider the vapor as a solid
medium to which the usual thermodynamic and hydrodynamic equations
are applicable. Where Kn > 10 the vapor must be considered as a
free molecular flow, and for calculations of condensation and heat
exchange in it, it is necessary to use the equations for the kimetic
theory of gases. The basic difference between exchange processes

in extremely rarified media (Kn > 10) and processes in solvent media
is the fact that there is discontinuity in temperatures and velo-
cities on the surface being washed by such a medium.

A discontinuity in the surface temperature of a body is explained
in the following way. Upon collision with a surface a molecule is
either deflected or adheres to it for a certain time (is adsorbed).
At this moment an energy exchange occurs between the surface and the
molecules. A complete exchange 1is characterized by the accomodation /152
coefficient:

To—-T]
1= T.'—Tsur"

(188)

where Ty 1s the mean molecular temperature before precipitation on
a surface;

T, is the mean molecular temperature after contact with the
surface;

Tgupr is the surface temperature.

For instantaneous mirror reflection of a molecule y = 0; for
a sufficiently prolonged duration of a molecule on the surface,
significantly exceeding the period of molecular oscillations, y - 1.
In the majority of cases 0 < vy < 1.-

Since it is possible to ignore molecular collisions near a
surface, then even with a high value of the accomodation coefficient
due to temperature differences between approaching and reflected
molecules thelr mean temperature may substantially differ from the
surface temperature. Even a discontinuity in the velocity (slipping)
on the surface of a body ih a rarified gas 1s explained in an analo-
gous way.

As is apparent from equation(187) the free path length 7 is
essentially a function of pressure. For a water vapor_with moderate
temperatures and a pressure p = (0.01 - 1 ):10% n/m?, 7 = 1076-10-8m.
Since the size of embryonic drops is d = 1078-1079%, then even with
normal pressure Kn = 1-1000, since in relation to the embryonic drops
the vapor may be considered to be intensively rarified.

The growth of drops in water vapor was considered, for example,

in references [24] and [70]. Having equated the increase in mass
of a drop to the mass of vapor molecules condensed on its surface,
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it i1s possible to obtain the following differential equation for

drop growth where d << 1:

a@ _ , Nmno
S (189)

is the number of molecules precipitating on a

V ek, T unit surface in a unit time;

is the diameter of a drop (variable);

is the coefficient of condensation equal to the
ratio of the number of molecules remaining in a
drop to the number of molecules striking its
surface.

where N=

=~ Quu

The coefficient of condensation ok is a function of the char-
acteristics of the working fluid and the conditions of condensation,

and it is possible to assume values from zero to one. For example,
for water, according to the data of V.V. Shuleykin, ax = 0.00067 )
where ¢ = 0°C and akx = 0.31 where ¢t = 200°C. If the release of /153

heat, liberated upon condensation, is very small and the liquid
begins to be heated, then the number of vaporising molecules increas-
es. This leads to a retardation in drop growth. With a complete
absence of heat release an active equilibrium is established in

which the number of captured drops of molecules is equal to the
-number of evaporating molecules, and drop growth ceases.

Reference [70] introduces the following formula for drop growth
rate, obtained from the conditions of heat exchange in rarified
gases:

dd _ 3p Ru ¢ _ T
dt  8rpy ‘/3 Ta (Tx n)- (190)

The actual drop growth rate will be equal to the least of those
definable according to formulas (189) and (190). Any calculations
based on these formulas may have only a qualitative nature, since
the conditions of condensation and the majority of physical constants
(coefficients ag, Y, 0, etc.) with the indicated sizes of embryonic
drops are known with a very small degree of certainty. The slowest
process, which consequently determines the rate of embryonic drop
growth, is evidently the process of the release of condensation
heat from the surface of the drop.

For large drops, for which Kn < 10°3(d >> 1), from the condi-
tions of equality of condensation heat and heat transmitted into
the surrounding medium by means of the heat conductivity of the vapor
phase it is possible to obtain the following equation for the drop
growth rate:
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gat _ S Ty,
- px,( ) (191)

The surface temperatures of the drop Ty and of the vapor Ty
may be evaluated in the following way. If during the process of
adiabatic expansion of moist vapor pressure and temperature have
attained such values which activate an embryonic drop and conden-
sation has begun on its surface, then at the initial moment the
temperature of drops may be assumed to be equal to the vapor tem-
perature. With additional vapor expansion, the temperature con-
tinues to decrease approximately following adiabatic law:

k
__P.,__~(_T-_)zr1, (192)
p T

cr cr,

where p., and Tcp are the parameters of the vapor at the moment of
embryonic drop activation.

Vapor expansion is accompanied by activated drop growth due /154
to vapor condensation on its surface. The maximally possible tem-
perature of a drop Tk will here correspond to the saturation tem-
perature above the drop under variable conditions. From equation
(181), written for an arbitrary moment of time and for the moment
of activation, we obtain

P PeTd iL(_‘___‘__)]
pcr pm(Tcr) exp[PKRn TKd Tcrdcr ) (193)

Equating the right-hand side of equations (192) and (193) and
substituting the dependence of pressure above a flattened surface
upon the temperature according to equation (176), we obtain the
following relationship between the vapor temperature Iy and the
maximally possible surface temperature of a particle Tg:

k
== e (R e )
=8 Ve = (fer VW ey 1—=t )+ — : 194
(Tc,) T P RuT . Tx pxRn \Tyd Tcrdcr ( )
The temperature of the drop Ty and its size d enter the obtained
equation. Therefore, in order to calculate ‘the growth of drops

and the condensation rate it is necessary to solve (190) and (191)
together with (194).

Very approximate calculations of the condensation process of
saturated water and mercury vapor with their exhaust from a super-
sonic nozzle show that the condensation rate is significantly less
than the rate of change in temperature and pressure of the flow.

Actually, according to equation (183), supercooling of water
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vapor even with d = 1072 m is approximately equal to 35-40°K. How-
ever, actual supercooling of vapor, observed in experiments, may
exceed the indicated value of 1.5-2 times. According to the data
of Osvatich [70], discontinuity in condensation with the exhaust
of saturated water vapor from a Laval nozzle takes place with super-
cooling of AT = 80-65°K. According to ‘the data of Stodola a dis-
continuity in condensation takes place with AT = 50°K. This indi-
cates the fact that after supercooling sufficient to activate a
majority of embryonic drops, condensation develops so slowly that
supercooling of the vapor upon its expansion continues to rapidly
increase.

It is necessary to note that a discontinuity in condensation
in the Laval nozzle may arise even with supercooling of AT = 30-35°K.
This refers to long nozzles. Evidently the structure and character-
istics of the flow, such as its contamination by ionized particles,
influence the amount of supercooling.

2. Appearance and Development of a Discontinuity /155
in Condensation

The conditions for the appearance of a discontinuity in con-
densation and the dependence of the moment it appears upon the flow
parameters have been insufficiently studied at the present time.
From numerous experiments on moist water vapor the following char-
acteristics of discontinuity in condensation are known.

(1) Discontinuity in condensation arises only in the supersonic
section of the nozzle and is accompanied by slight changes in com-
pression, so that the velocity after a discontinuity in condensation
usually remains supersonic.

(2) With an increase in the initial superheating and velocity
gradient along the nozzle a discontinuity in condensation is dis-
placed downward along the flow, i1.e., towards greater M numbers of
the flow.

(3) Discontinuities in condensation appear even when at the
nozzle intake the vapor is moist, i.e., contains a large number of
condensation centers in the form of droplets of the primary conden-
sate. According to reference [16], in the case of small drops a
discontinuity is displaced in comparison with the exhaust of satu-
rated vapor down along the flow, and with large drops it 1s shifted
upstream.

(4#) In a discontinuity in condensation the vapor is almost
transferred to an equilibrium state; however, its further expansion
may take place with supercooling.

The rate of vapor condensation onto embryonic drops (insuffic-

ient, as was indicated, for an equilibrium condensation) may be
noticeably increased in the case of particle lag behind the vapor
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[34]. Such a disagreement in velocitles arises with the passage of
the mixture through a discontinuity in compression. With passage
through discontinuity the number of condensation centers also may
be substantially increased due to break-up of the largest embryonic
drops by aerodynamic forces.

The appearance and development of discontinuity 1in compression
in supersaturated vapor may be explained in the following way. In
the exhaust process vapor condensation takes place on embryonic
drops, due to which they increase in volume and begin to lag behind
the vapor. In the supersonic section of the nozzle, vapor super-
saturation becomes very significant, 1Its density decreases, lag
increases and the particles appear to '"comb'" the vapor. In addition,
the condensation rate and, consequently, the amount of liberated
heat increase. The heat supply with a supersonic gas flow leads to
retardation of the flow; at the same time, the flow becomes less
stable. Thus the thermodynamic nonuniformity of the flow is aggra-
vated by its hydrodynamic Instability due to liberation of the con-
densation heat. A subsequent process is of anavalanche nature. An
ever-increasing perturbation becomes a slight change in condensation
in which the velocity of the vapor phase is changed to its final
value. Drops due to their inertia comb the front of the discontin-
uity; the number of condensation centers due to the break-up of /156
large drops increases; nearly total precipitation of condensate
takes place, and the vapor is almost transformed to an equilibrium
state.

Thus, for the appearance and development of intensive conden-
sation in a supersonic flow of supercooled vapor it is necessary
for embryonic drops velocity relative to the vapor to be present;
in a supersonic flow, this condition 1is satisfied only in the case
of a discontinuity in compression, and therefore discontinuity
in condensation and a discontinuity in compression are inseparably
interconnected.

A discontinuity in condensation compression suggests a discon-
tinuity in heat and usually has a low density. Nonetheless, the
lack of agreement between particles and vapor velocities arising in
a discontinuity and also an increase in the number of particles due
to their break-up are completely sufficient for the development of
intensive vapor condensation. The condensation heat serves as the
basic cause for the appearance of a discontinuity in compression.
The mutual accelerating influence of condensation heat liberation
and the disagreement between phase velocities in a discontinuity in
compression imparts an avalanche-like nature to the process,

Since in a subsonic flow of a supercocled vapor there are no
discontinuities in compression, then disceontinuities in condensation
in a subsonic flow are Improbable as well. This is confirmed even
by the fact that to date not one investigator has succeeded in
obtaining a discontinuity in condensation in the subsonic section
of the nozzle.
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The last comment does not apply to a flow of supercooled vapor
in the subsonic blade grids of steam turbines. Actually, even with
subsonic exhaust velocities with A ~ 0.85-0.9 iIn the conduits the
areas between the blades always have zones of local perisonic or
supersonic vapor flows. It is only in these zones that discontin-
uities in condensation arise, caused by the same factors which were
considered above. However, due to the great heterogeneity of the
vapor flow in the turbine grids, the influence of intensively devel-
oped boundary layers, turbulence in the flow and other factors, a
discontinuity of condensation may take place in the blade grids
with significantly lower flow velocities than in supersonic axisym-
metrical nozzles.

A discontinuity in condensation which has arisen in a super-
sonic flow zone 1is propagated even through the subsonic zones of
the conduits between the blades; hence the particles (drops) of
condensate which have arisen in the discontinuity penetrate into
the subsonic flow zones with velocities different from the vapor
velocity. Thus, even here, '"combing" the vapor by condensate par-
ticles is observed. However, in subsonic flow the heat liberated
upon condensation does not lead to the appearance of a discontin-
uity in compression. Therefore, condensation does not have such a
clearly expressed avalanche nature, as in supersonic nozzles. On
the other hand, the condensation zone in subsonic grids 1is very
indefinite and, in the majority of cases, has a grid cross section
and an axial clearance between the blade rims. /157

According to a number of experimental studies [61], the con-
densation zone behind the nozzle apparatus of a turbine does not
have a clear posterior border. The anterior border in which, as
a rule, condensation arises near the convex surface of the blades,
i.e., in the zone of local supersonic
flow velocities (Fig. 84) is rather
easily seen.

It is necessary to note that grad-
>7 ual spontaneous condensation is possible
/ in subsonic flows espegially at low

flow velocities or in vapor with sus-
pended dust particles.

3. Moist Vapor Expansion After a

Fig. 84. A Discontinuity Discontinuity in Condensation.
in Condensation Behind the The Influence of the Original Moisture
Nozzle Apparatus in a on the Change in Condensation

Steam Turbine
As was indicated in [50], a system

of sequential changes in condensation may be observed in supersonic
nozzles with a very high degree of expansion: after the first dis-
continuity a second arises, etc. This indicates that the flow is
nonequilibrium after the first change and is accompanied by super-
cooling, just as before the first discontinuity in condensation.
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Such a process of moist vapor expansion may be explained in the
following way. After the first discontinuity in condensation, the
state of the moist vapor will be almost equilibrium. Particles
of condensate, formed from embryonic drops during the discontinuity
and on the order of 1077 - 1078 m in size, rapidly attain velocities
near the vapor velocity after the discontinuity. With subsequent
vapor expansion the condensation velocity is again limited by pro-
cesses of molecular diffusion to a particle and by the release of
condensation heat. Therefore, the vapor is transformed into the
supersaturated state.

After the degree of supersaturation again attains the maximum
value, a second discontinuity in condensation-compression arises,
etc. In addition, condensation takes place on both particles of
condensate formed in the preheating discontinuity and on new embry-
onic drops, formed with greater expansion in the interval between
the first and second discontinuities.

The appearance of discontinuities in condensation with the
expansion of moist vapor containing particles of condensate [16,
50, 61] in a nozzle may be explained analogously. In fact, if the
particles of original condensate are very small (on the order of
1075 - 1078 m), then their lag behind the vapor is very small, and
the supercooling processes and the appearance of a discontinuity
in condensation proceed in a way similar to the case Jjust examined /158
of vapor expansion between the first and second discontinuities in
condensation compression. Hence partial vapor condensation takes
place on the surface of primary drops in the expansion process; the
degree of supercooling of the vapor drops somewhat. Therefore, the
maximum degree of supercooling with which a discontinuity in conden-
sation compression arises is reached with a greater geometrical
degree of expansion; i.e., the discontinuity is displaced downward
along the flow.

With large particles of primary condensate their number in the
flow at the same degree of original moisture as in the preceding
phase decreases 1n proportion.to d3, and the total diffused flow
to all particles of primary condensate decreases approximately in
proportion to d2. Therefore, despite significant particle lag be-
hind the flow, the vapor condensation rate remains low, and in the
expansion process the vapor is transformed to a supercooled state.

It is also necessary to consider that condensation on the sur-
face of a large drop is significantly impeded by the constant ele-
vation of temperature of the drop above the vapor temperature in
the expansion process; vapor temperature in the boundary layer around
the particle also exceeds the temperature of the surrounding medium.
Therefore, instead of condensation a partial evaporation of large
particles may take place.

In a flow with a greatly dispersed initial moisture the appear-
ance of a discontinuity in condensation-compression is evidently
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facilitated by the heterogeneity of the flow and the presence of
intensive small-scale turbulent pulsations arising with the gas
flow around the particles. Therefore the maximum degree of expan-
sion with which a discontinuity arises for large particles will
prove to be less than for saturated vapor (i.e., a discontinuity
is shifted upward along the flow).

§3. The Speed of Sound and Adiabatic Index
for Moist Vapor

It is known that in a single-phase medium the adiabatic index
k¥ characterizes not only the dependence between thermodynamic para-
meters and an isoentropic change of the state, but also several
thermal and molecular characteristics of processes, and also the
process of souand wave propagation. Therefore, it is possible to
experimentally determine the adiabatic index by various methods;
for example, by means of measuvring the speed of sound or the heat
capacity of the working fluid. Regardless of the method of deter-
mining the value of k, it is found to be single-valued for a
single-phase flow.

For a double-phase flow, the cited universality of k does not /159
develop, and this is valid even with constant compression of the
phases. Actually, as follows from Chapter 1 the adiabatic index
for the expansion process of the double-phase mixture, obtained
experimentally, and the factor »n in the subradical expression (33)
may not agree with one another.

In a double-phase flow, experimental valuesof k also depend
(apart from the method of determination and thermodynamic parameters
of the working fluid) upon the rate of mixture expansion, dispersion
and physical characteristics of particles. These dependences are
still more complex for a moist vapor in which phase transitions,
i.e., condensation and evaporation are possible. Therefore the
different processes in a moist vapor may be characterized by dif-
ferent values of the adiabatic index.

1. The Speed of Sound in Moist Vapor

The propagation of sound in moist vapor is an exceptionally
complex phenomenon since it is accompanied by a large number of
mutually influencing complex physical processes: thermodynamic and
hydrodynamic, molecular, acocustic, etc. The speed of sound in moist
vapor has been studied in greatest detail with the aid of thermo-
dynamic dependences. In references [26] and [54], other aspects of
the problem under consideration were touched upon, in particular
the influence on the speed of sound particle dispersion, scattering
and absorption of sound by particles.

In the dissertation of Ye.V. Stekol'shchikov [46], among the

most fundamental studies on this subject, an attempt was made to
carry out a complex examination of the influence of the most impor-
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tant factors on sound propagation in double-phase media; in par-
ticular, in moist vapor. In this study, wave equations for double-
phase media with an arbitrary concentration of phases were obtained
in the most general form. TFor a one-dimensional problem, Stekol'-
shchikov introduced formulas characterizing the influence of the
parameters of state, the structural-temporal parameters and others
on the phase speed of sound, on the damping constant of sound and
on other acoustic characteristics of double-phase mixtures.

In the same study, characteristics of experimental investiga-
tions of sound phenomena in double-phase mixtures were examined; it
was shown that for similarity of wave processes in moist vapor it
is necessary to have equations for 21 similarity criteria. This
characterizes the exceptional complexity of the phenomenon and, in
particular, indicates the practical Iimpossibility of a more or less
complete simulation of these processes. Moreover, agreement between
even the basic similarity criteria and experimental studies conducted
by different authors is improbable. Therefore, even the results of /160
investigations may differ substantially.

Moist vapor is a mixture of dry saturated vapor and particles
of condensate with arbitrary diameters suspended in it. Therefore
sound wave propagation iIn moist vapor will be largely analogous to
sound propagation in a double-phase mixture with constant compress-
ion of phases examined in Chapter 1. However, beside the anomalies
peculiar to such mixtures, in moist vapor the isentropic expansion-
contraction process of the medium in a sound wave may be accompanied
by phase transitions: precipitation and evaporation of the conden-
sate.

Thus, the speed of sound in moist vapor is a function of the
moisture, dispersion and thermophysical characteristics of the
vapor and the condensate, as well as of the nature of the change in
state of the dry saturated vapor in a sound wave.

The speed of sound in moist vapor may most simply be determined
only in several limiting cases; for example, with a thermodynamic
equilibrium process of sound propagation, with a totally nonequili-
brium process or with a partial nonequilibrium process.

In the majority of cases, the degree of noneguilibrium of a sound
wave propagation process is not precisely known. However, it 1is
possible to assume that conditions approximating it to a thermody-
namic equilibrium process do not correspond to equilibrium conditions
of a unilaterally-directed intensive expansion process in a nozzle.
Evidently, in certain cases the periodicity of the sound wave pro-
pagation process may substantially decrease thermodynamic nonequilib-
rium.

Let us consider thermodynamic equilibrium sound propagation in
moist vapor [839, 52]1. Taking into account that in a region suffic-

iently removed from the critical point it is possible to assume p =
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P 3
RpTx’ we obtain

dp = RnTxdp — RyTpdx — RypxdT

(RaT )3 (195)

Since with isentropic expansion of moist vapor its degree of
dryness is determined by formula (179), then

x *C x dr
dx = (’T“'{J—TF)dT' (196)

Using expressions for dp and dx along with the retransformed
equation (173) for dp it is possible to determine the equilibrium
speed of sound in moist vapor

_ /i_ *RyT
ap’-l dp R.T T ¢ dr .
=S - ()] (o)

This expression with regard to the equation for an elementary
isentropic process dp/dp = k(p/p) may be transformed to

qeq=|/ke;’1=Vk€anT, (198)
- P

where keq is the adiabatic index of a thermodynamic equilibrium
adiabatic expansion of moist vapor

B = — e
R [2—1—(”-E—T+—”)l (199)
r r \x dT
Having set « = 1, we obtain the following formulas for an

equilibrium speed of sound and adiabatic index in saturated vapor
at low temperatures:

a,.=VkR.T, (200)
k= L
ea R.T T dr \1°
=B e (ot ) (201)

From (198) it is apparent that with an invariable temperature
of the moist vapor, the equilibrium speed of sound decreases with
a decrease in the degree of dryness of the vapor . As in Chapter

151




1, this may be explained by the increase in the oscillating mass
with the preservation of the elastic characteristics of the medium,
determined by the characteristics of the dry saturated vapor.

If the size of condensate particles is so large that the par-
ticles do not participate in sound oscillations and the heat exchange
between the phases in a sound wave may be ignored, then, regardless
of the original degree of vapor moisture, the speed of sound pro-
pagation in it will be equal to the speed of sound in a dry saturated

vapor.

In the study of V.V. Sychev [52], a more precise formula for
determining the adiabatic index of an equilibrium expansion in the
region of moist vapor is presented:

k_=_i(_a_P_) - Unx 4 v (1 — %)
ed P dv /s dv \nm dv \ %
pK ap )sx+(a_p)s“’“"’] (202)

where vy, vk are specific volumes of dry saturated vapor and conden-
sate at a given temperature;
dv \n / Ju \k . . . L
a;}s-ysg,sare values of the partial derivatives of specific

volume according to pressure in the process 5§ = const, taken for a
working fluid near the right and left branches of a boundary curve
in a double-phase region. This formula is valid even for temper-
atures near the critical. The values entering it are eqgual: /162
dv \n__ d <dT 2_/av\x__iz<dT)2
(ap}s— T dp)’\p/’s T\ dp

Figure 85 represents the nomogram given in reference [52] for
determining the adiabatic index of an equilibrium expansion in the
region of moist water vapor. The values of kgg calculated accord-
ing to formula (202) using the precise values of heat capacities
cg and 05 which obtain for water. At low temperatures the values
of keq correspond with those calculated according to formula (199).
The values of ky and k., for water vapor near the saturation line
taken from the side of superheated and moist vapor are presented
in Table 10. According to the data of this table it is possible
to determine a discontinuity in the adiabatic index of an equilib-
rium expansion with a transition from the region of superheated
vapor to the region of moist vapor. This discontinuity is caused
by the appearance of phase transitions in the moist vapor.

152



It is necessary to note that in

curves takes place not by discontinuity
but gradually, i.e., on a certain termi-
A nal portion of a change in any of the

- thermodynamic parameters of vapor (T, P,
x etec.).
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Let us now consider sound propagation in moist vapor in the /163

case when the expansion-contraction process in a wave takes place
with a complete supercocoling of the vapor, i1.e., without phase
transitions in the sound waves. Considering the above-noted slight
difference between superccoled vapor and saturated and superheated
vapor at moderate temperatures, its equation of state may be con-
sidered in the form pvy = REnT, and the adiabatic index k may be
assumed to be equal to the adiabatic index of superheated vapor kj
near the saturation line. Evidently the case under consideration
will be analogous to the case of sound propagation in a double-phase
mixture with constant compression of phases.

If there is a large number of very small particles of conden-
sate, (i.e., ¢K = ey and Tx = Tp) in the vapor, then the speed of
sound is

a= annT. (203)
Here
n= :-}% ,
i ab (204)
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copx(l —x
where ,‘)n = _E.:(__)
Cpn¥
knm is the adiabatic index of superheated vapors near the satu-
ration curve;

epn 1s the heat capacity of a superheated vapor at constant
pressure near the saturation line.

In the case when a moist vapor contains only large particles,
it is possible to assume that they do not participate in sound
oscillations and that heat exchange between the phases in the sound
waves is negligibly small, and the speed of sound in moist vapor
will be equal to the speed c¢f sound in superheated vapor:

a=VkR.T. (205)

An evaluation of the influence exerted by the size of primary
condensate particles contained in the vapor on the degree of their
increase by vapor, on heat exchange between particles and vapor in
sound waves and, consequently, even on the value of the speed of
sound in moist vapor, may be carried out according to the formulas
in (37)-(41).

Let us consider several results of experimental determination
of the speed of sound by several investigators. According to the /16L

careful studies of V.I. Avdonin and I.I. Novikov [1], conducted

with a sound wave frequency v = 500 - 1000 Hz in a range of temper-
ature variation from 50 to 250°C, the speed of sound in dry saturated
vapor and the adiabatic index are equal to those presented in Table

1l.

The values of k calculated according to the formula k = a?/pvgp
are shown in Figure 86. The calculated values of k for water vapor
near the saturation line, taken from superheated vapor and from a
double-phase region according to data given in Table 10, are also
plotted there. As is apparent from the graph, experimental values
of k at low temperatures are approximately intermediate between the
values of ky and keq. This indicates the existence of phase transi-
tion in the sound wave. With increase in the vapor temperature,
experimental values approximate the values of Xk for superheated
vapor.

Investigations conducted in [62] on a dust mixture of air and
saturated water, acetone and benzene vapors indicated that sound
wave propagation at frequencilies up to 200 Hz is accompanied by an
intensive condensation and evaporation of drops so that all processes
in a sound wave approximate an equilibrium process. It was noted
in this study that phase transitions with a periodic expansion-con-
traction process proceed much more rapidly than with a single uni-
lateral weak expansion or contraction of the mixture.
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Fig. 86. The Adiabatic Index
of Vapor as a Function of
Temperature: k; and keq are
the Adiabatic Indices of an
Equilibrium Expansion Near
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from Superheated and Moist
Vapor; (1) According to

the Data from Measuring the
Speed of Sound in [1]; (2)
According to the Data from
Measuring the Speed of Sound
in [u6].

The speed of sound in saturated
and moist vapor was also determined
in reference [46]. With saturated
vapor at 100°C, based on the data
of this study the speed of sound
proved to be egual to 471 m/sec.

TABLE 11
t, °C xm/ge c ke
50 | 425 1,22
100 460 1,25
1€ 488 1,97
200 805 1,28
250 495 1,23

The value of k corresponding to this /185
value of the speed of sound lay on

the curve for superheated vapor (cf.

Fig. 8B6); i.e., evidently in this

case phase transitions were absent.

An analogous result was obtained in
reference [64].

The divergence of experimental
data indicates that sound wave pro-
pagation in saturated and moist water
vapor evidently may take place both

with total supercooling and with phase transitions, approximating
this process to a thermodynamic equilibrium process.

2. The Adiabatic Index of Moist Vapor Expansion
in a Supersonic Nozzle

The value of the adiabatic index is determined by the flow

structure and by physical phenomena taking place in the vapor. For
the exhaust of a weakly superheated or a dry saturated vapor from a
nozzle, it is necessary to distinguish at least two ranges of vari-
ation in value of k:

(1) Expansions from a superheated (dry saturated) state before
the moment of activation of most embryonic drops. Since on this
section supercooled vapor is not distinct from superheated vapor in
physiological characteristics, the value of k may be accepted, as
for superheated vapor, to be near a saturation curve; i.e., k = Kk
(cf. Table 10).

(2) Expansion from the moment of activation of most embryonic
drops before discontinuity in condensation. On this section, due
to the fact that vapor condensation has begun on embryonic drops,
the adiabatic index k% will differ from the value of kg for super-
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heated vapor. The higher the rate of condensation the greater the
difference will be. In this section, k for a supercooled vapor
becomes less than kp; however, its value remains greater than the
adiabatic index of a thermodynamic equilibrium expansion process
keq; in the opposite case, a discontinuity in condensation would
not arise.

These hypotheses are confirmed by experimental data. For example,
from Figure 83 it is apparent that pressure distribution along a
nozzle, measured at a certain distance in front of the discontinuity,
proves to be higher than the calculated distribution, given that
kK = kg = 1.3. This signifies that the actual value of k on this
section is less than 1.3.

In this case of moist vapor exhaust which has small particles
of condensate at the beginning of expansion or in the case of vapor
expansion between the first and second discontinuities in condensa-
tion, the adiabatic index will have the value keq < k < ky. Experi-
mental studies [16] confirm this fact. Actually, in the case of
moist vapor exhaust the curve of pressure distribution along the
nozzle is significantly higher than an analogous curve for super-
heated or dry saturated vapor.

Factors influencing the value of k may change substantially in /1686

moist vapors and vapor-gas mixtures, the physical and thermodynamic
parameters of which greatly differ from the parameters of water vapor.
In particular, with an increase in temperature, chemical activity

and contamination of vapor by impurities along with a decrease in

the coefficient of surface tension and longitudinal velocity gradient
in a nozzle, the possibility for significant supercoocling of the

vapor decreases.

§4., Coefficient of Moist Vapor Consumption

In determining moist vapor consumption one is usually confronted
with a number of difficulties caused by the much more complex
nature of its flow in comparison with the flow of the superheated
vapor or an ideal gas. The decigsive influences on moist vapor con-
sumption, in addition to its thermodynamic and hydrodynamic para-
meters characterizing the flow as a whole, are the size of particles
of primary condensate, the flow velocity gradient, the shape of the
nozzle, etc.

Let us consider moist vapor consumption through a supersonic
nozzle with the following assumptions, which have been experimentally
confirmed for water vapor:

(1) The flow in the subsonic part of the nozzle takes place
with supercooling, irrespective of the presence of primary conden-
sate particles; a discontinuity in condensation occurs in the super-
sonic part of the nozzle.
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(2) The characteristics of supercooled vapor (in particular,
the adiabatic index k) with its expansion on the subsonic section
of the nozzle are sdimilar to those of superheated vapor near the
saturation line. We shall ignore the influence of vapor condensa-
tion onto particles of primary condensate on the value k.

(3) During exhaust, the parameters of the vapor are far from
critical, so that supercooled and dry saturated vapor satisfy the
equation of state for ideal gases.

In this case, the following basic factors influence moist vapor
consumption: supercooling of the vapor phase in the expansion pro-
cess; mechanical and thermal interaction between vapor and particles
of primary condensate; a possible change in losses in the boundary
layer due to the influence of a liquid undulating film covering the
nozzle walls; and clogging of the flow section of a conduit by
liquid film.

The influence of the first two factors may be evaluated most
simply only in the limiting cases of moist vapor exhaust with small
particles when ¢x = ¢ and Ty = T, or with large particles when
CK &~ const and Ty = const.

In these cases and also with a thermodynamic equilibrium expan-
sion vapor, consumption is determined by its parameters in a critical
section corresponding to the throat of the nozzle,

By definition, the coefficient of consumption is /167
. G
#= G (206)

where ¢ and Gq are the actual and theoretical mass consumption of
vapor.

The theoretical consumption of an equilibrium expanding vapor
in the critical section of a nozzle is

epcr
G, =F, .~ ]/ e (207)

r"[c r

where ag, = Vkg qPcrPer is the thermodynamically equlllbrlum speed

of sound in m01st vapor in the critical section: keq is the adiabatic
index of a thermodynamic equilibrium expansion of moist vapor [cf.
(199) or (202)7.

Moist vapor consumption at the time of exhaust with supercooling
of the vapor phase is determined:

in the case where ¢k = ey and Tg = Ty according to equation (59);
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. p"
G=Fér’m°r(n)V xov;l ’

In the case where ¢y = const and Ty = const

mic,_(kn) 1—*_
Gg'F”——_——x., ‘/v:‘ )

where n is the polytropic index of supercooled vapor expansion
given its temperature equilibrium with particles of primary conden-
sate determined by (204);

p*, v; are total pressure and specific volume of the wvapor
phase according to damping parameters. TFor the limiting cases of
flow under consideration p* and vﬁ are univalently determined as a
function of flow velocity.

The change in the coefficient of consumption ugp; = G/Gp for
both cases of moist water vapor flow considered is shown in Figure
87. The basic parameters in the critical section in vapor consump-
tion with a thermodynamic equilibrium flow are determined by means
of a diagram of states from the adiabatic equation

. . qgr' ke pcr cr
H.,=i—i,=— ="y
cr 2 2
where 25 = 2gx + %ory is the heat content of molst vapor at the
nozgzle inlet;
Zep = TerK t XepPer is the heat content of vapor in the critical /168

section;y

Ty, Xop indicate vapor moisture in initial and critical sections;
rg, Pep represent heat vapor formation at the initial temperature

and at the temperature in the critical section.

In Figure 87, the curve xg = 1 corresponds to the case of dry
saturated vapor exhaust with supercooling. Values of the points on
this curve exceed unity due to the increase in consumption of dry
saturated vapor through a supersonic nozzle due only to supercooling.
The increase in consumption of supercooled vapor in comparison with
a uniformly expanding vapor is explained by the fact that the adia-
batic index of supercooled vapor is greater than that of a thermo-
dynamic equilibrium vapor.

As is apparent from the figure, with an increase in initial

moisture with respect to small particles the value udgp1 decreases.
At the 1limit with a very large initial moisture when the influence
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of heat exchange between the phases exceeds the influence of the
difference between adiabatic indices of equilibrium expansion and
expansion with complete supercooling, the coefficient of consump-

tion udp1 - 1.
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Fig. 87. Coefficient of Moist
Water Vapor Consumption Through
a Nozzle on Expansion of the
Vapor Phase with Supercoolant;
¢ = const and Ty = const
(Large Particles of Primary
Condensate): ----- ex = ey and
Ty = Ty (Small Particles of
Primary Condensate):
Exhaust with a Subsonic Ratio
of Pressures m = 0.6 and the
Absence of Interaction to the

Consequently, with a very great initial moisture

and small particles, vapor con-
sumption will be approximately
equal, regardless of whether

expansion is accomplished uni-

formly or with supercooling. /169

On the other hand, in the
case of large particles of pri-
mary condensate, with an increase
in the initial degree of moisture
the value of ugy}; increases sub-
stantially. This is explained
by the fact that due to the absénce
of interaction between the phases
the vapor velocity in the cri-
tical section, and indeed, even
the consumption of the vapor
phase, will be maximum. There-
fore, total moist vapor consump-
tion will also be maximum (with
a sufficiently high initial par-
ticle velocity, it is possible
to ignore clogging of the criti-
cal section by particles).

It is necessary to bear in
mind that with an elevated initial
degree of moisture due to vapor

Phases. condensation on particles, the
vapor phase expansion process may
approximate a thermodynamic equilibrium process since the above-
given assumption of complete supercooling of the vapor phase on the

subsonic section will not be satisfied.

It is also apparent from Figure 87 that due to the total influ-
ence of supercooling of the vapor phase and the mechanical and ther-
mal interaction between the phases, moist water vapor consumption
through a nozzle, calculated assuming complete flow equilibrium, will
be significantly increased (from 3 - 15% where xg 2. 0.85).

The coefficient of moist vapor consumption for vapor phase
expansion with supercooling and partial thermal and mechanical inter-
action between the vapor and particles of primary condensate may be
calculated using the dependences introduced in Chapter 1.

Losses due to friction of the flow against the walls on the

subsonic section of the nozzle decrease vapor consumption. Accord-
ing to experimental data presented in Chapter 2, a velocity coef-
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ficient in a subsonic nozzle for walls covered with a water film
vary up to 2% in value where (1 - xg) < 0.2. With moist vapor
exhaust it 1s possible to assume the velocity coefficient on a sub-

sonic section to be

#;,7= Pu — ke (0.05 - 0,15) (1 —x),
" (208)

where ¢ = 0.96 - 0.98 the velocity coefficient for the flow of a

superheated vapor on the subsonic section of a nozzlej; ke - the
coefficient of separation of primary condensate particles onto the
walls of the nozzle. For large particles ko~ 1 - Fon/Fy. 1In

equation (208) the value 0.05 refers to short nozzles and liquids
of low viscosity, and the value of 0.15 to long nozzles and viscous

liquids.

The gas consumption given an exhaust with losses due to fric-
tion on the wall of the nozzle may be evaluated according to formula

p*
=m F )\ —_— T .
G cr q(q) ad) V-_R;:
Taking into account the influence of losses in the boundary /170

layer the coefficient of consumption 1is

R—1 ,
1—
_6 T e
Hn"gt l__k—J \2 oo (209)
R+ 1 ~ad‘P
or for the critical section (iggq = 1)
l_k___]
po—g— RkFL
fr Rl (210)
k1 ¥

Substituting the values ¢ = ¢¢i7y from (208) into this equation, it
is possible to determine the coefficient ufpr, considering the change
in vapor consumption due to the influence of losses due to friction
on the subsonic section of the nozzle.

According to experimental data the film thickness of low vis-
cosity liquid in the nozzle throat 1s very insignificant, even with
an elevated consumption of liquid in a film corresponding to the
initial moisture (1 - %) < 0.3 and total separation of moisture
onto the nozzle walls. This is explained by the high density of the
liquid due to which, even with a film velocity equal to 10-15% of
the gas velocity, its total cross sectional area is relatively small.
Approximate calculations indicate that with a moderate vapor pres-
sure, clogging of the nozzle by a film of low viscosity (for example,
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water) does not exceed 0.5%, and in the majority of cases 1t may be
ignored. Certainly, in the case of very viscous liquid or high
vapor pressure, when the difference between densities of vapor and
condensate are significantly decreased, the influence of flow sec-
tion clogging in a conduit proves to be great.

Thus the coefficient of moist vapor consumption with compara-
tively low pressure and a liquid of low viscosity may be evaluated
according to formula

BB e (211)

Usually the values of the coefficient of consumption for water vapor
are greater than unity.

A contracting nozzle operating with subsonic drops and pressure
with complete vapor supercooling, due to the influence of analogous
factors appears to be over-designed as compared to a nozzle calcu-
lated according to formulas for equilibrium vapor expansion within
the same range of pressure variation. As a result, supercooled
vapor consumption in the nozzle will be greater than uniformly con-
densing vapor.

TABLE 12 /171

. S - - —
Initial Pressure py in n/m?2 0.491 10| 0.0784 10 0.0098 10
Final Pressure p in n/m? 0.29% 10| 0.047 10 |0.0058 10
Exhaust Velocity:

Equilibrium c¢eq in m/sec 431 Los 379.4

Supercooled Vapor ¢ in m/sec 424 Loo 375
Specific Volume:

Equilibrium veq in m3/kg 0.597 3.36 23.63

Supercooled Vapor v in m3/kg 0.566 3.138 22
Ratio ceq/c 1.015 1.021 1.011
Ratio veq/v 1.055 1.071 1.074
Coefficient of Consumption

cv

U= g¥': E;% 1.0k 1.05 1.063

Results of a comparative calculation [26] for the exhaust of
uniformly condensing and supercooled water vapor from a nozzle with
a subsonic pressure ratio 7 = p/pg = 0.6 are presented in Table 12.
In the calculations it was assumed that in the initial section the
vapor 1s dry saturated; the adiabatic index of supercooled vapor was
assumed to be equal to the adiabatic index of superheated vapor near

the saturation line (in particular, where pg = 0.491-10°% n/m? and
ky = 1.297); losses due to friction of vapor on the walls were
ignored.
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The values of the coefficient of consumption p given for the
same conditions but a different initial moisture are also shown in

Figure 87. It was assumed that the
dim I mechanical and thermal interaction be-
; tween the phases is absent in the case
a0 //C of nonequilibrium expansion.

The approximate maximum values of

b0 »/ééjﬂ water particle diameter in saturated
{;>/A<// water vapor with which it 1is possible
AT

W0 yay4 to ignore the interaction between phases

/// on a subsonic section of a nozzle are
,//4//<iw=”m1 given in Figure 88. Calculations were
:;// performed according to the equation for
particle motion (111) under the condition
that the increase in particle velocity

20

N

0 40 &0 720 t5C on this section not exceed 20% of the
increase In vapor velocity and that the

Fig. 88. Maximum Water mixture velocity at the nozzle inlet be
Particle Diameter with 15-25% of the speed of sound. In per-
Which It is Possible forming calculations it was assumed /172
to Ignore Interaction that vapor expansion takes place with
Between Phases on a complete supercooling; the value of k
Subsonic Section of a was selected as for a superheated vapor
Nozzle: Lgyp is the near the saturation curve.
Length of the Subsonic
Section. It is apparent from the figure that

the maximum particle diameter increases
with an increase in vapor temperature and the length of the subsonic
section of the nozzle, This 1s connected, respectively, with the
increase in vapor density and the decrease in the velocity gradient
along the nozzle.

With exhaust from a subsonic nozzle given great supersonic
pressure drops the coefficient of consumption may increase due to
the following phenomenon, experimentally discovered and investigated
by M.Ye. Deych and G.V. Tsiklauri [18]. In the usual cases of
operation with subsonic pressure drops, the actual area of the
minimum (exit) section of the nozzle due to the influence of the
displacement thickness of the boundary layer is less than the geo-
metric area of this section.®8

During operation on great supersonic pressure drops, the sub-
sonic boundary layer near the nozzle throat is "blown out" under
the action of the pressure drop inside the nozzle and behind its
section. As a result, the actual area of the throat and, consequent-
ly, the vapor consumption increase. In the subsonic nozzles studied
in reference [18] with a vapor pressure at the intake ~ 0.2:10% n/m?

8 With the exhaust of gas or superheated vapor this difference be-
tween areas is considered by the coefficient of consumption (author's

note).
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and a ratio p/pg < 0.1, almost complete expulsion of the boundary
layers in the nozzle took place, and the vapor consumption. approxi-
mated the theoretical consumption calculated without taking displace-
ment thickness into account.

§5. Equilibrium Exhaust of an Ideal Gas-Condensing
Vapor Mixture from a Nozzle

In several cases Jjet engine nozzles as well as turbines may
operate on a mixture of gas and saturated vapor of some substance.
Depending upon the expansion rate and the degree of contamination
of the flow by mechanical additives, as well as upon the composition
and physical characteristics of the components in the mixture, the
exhaust of such a mixture may have both a nonequilibrium (with dis-
continuities in condensation), and an equilibrium nature. For
example, in a multistage turbine expansion of a mixture composed of
blast furnace gas and water vapor approximates equilibrium expan-
sion [45].

Let us consider equilibrium expansion of an ideal gas and con-
densing vapor mixture in a nozzle. Calculations carried out by the
author of this book indicated that particles of condensate forming
during the expansion process of the moist vapor in a nozzle lag
behind the vapor flow very slightly. Therefore, in order to simplify
the study we shall ignore condensate particle lag and losses due /173

to friction between the phases and to incomplete heat exchange, and
consider the flow of the mixture to be equilibrium.

Moreover, let us assume that the flcw is stable, linear and
without heat exchange with the surrounding medium; the expansion
process is equilibrium and the mixture is homogeneous; the vapor
and gas states in the expansion process are sufficiently removed
from the critical so that both the gas and the dry saturated vapor
may be viewed as ideal gases; the heat capacity of the gas is con-
stant; at the beginning of mixture expansion the vapor is in a dry
saturated state.

As 1is known from the theory of ideal gas mixture the density
of components in the mixture is determined by their partial pres-
sures and temperatures. In addition to the assumption of mixture
homogeneity, the temperature and velocity of all components are con-
sidered to be equal, and for each component in the mixture it is
possible to write a separate equation of consumption. For the mixture
of gas and dry saturated vapor under consideration the equations
for consumption have the form:

G, = G = Fpc; Gy = Goox = Fpyc.

Relating the first equation to 1 kg of gas, we obtain
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= fPr_€
I=f->t7 . (212)

Having divided the second equation by the first, we obtain the fol-
lowing relationship between mass concentrations of gas and vapor:

& _ fmX _ Pn (213)

where gn==——£1—— and g,=-—J&—— are the mass concentrations of the
Gn+ Gr Gn+Gr

vapor and gas phases.

Assuming equality of velocities of the gas vapor and particles
of condensate, the equation for motion of a mixture may be written
in the following fashion:

- d m i x d d 1 —
— Pl —&r P —&hn Pn = (l + gn X)Cdc1
Roix pr Pn £

where pmix = pr + py is the pressure of the mixture;
Pnix = Pr t Pn is the density of the mixture of gas and dry
saturated vapor;
Prs Prs Pns pn are the partial pressure and density of the
gas and vapor phases, respectively.

The second component in brackets on the right-hand side of the
equation is caused by the presence of gp(l-x)/x kg of particles of
condensate in kg of gaseous components of the mixture.

This equation, relative to 1 kg of the working fluid, i.e., to /174
a gas-dry saturated vapor-condensate particle mixture may be re-
written in integral form

2
dpr dps _ %
__gm57;_——&mjx on 2 . (214)

n

The left-hand side of this equation is the sum of partial expansion
operations; for grno kg of gas and gy kg of molst vapor, respectively.

Having established the form of the functions pp, pp and & it 1is
possible to calculate the values of integrals entering the expres-
sions for partial operations of gas and moist vapor. We shall indi-
cate, however, that to determine the total work of mixture expansion,
other simpler methods are also possible. In order to do this, let
us consider the processes of gas and vapor phase expansion in greater

detail.
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In the expansion process of the mixture the vapor condenses.
Some of the condensation heat liberated here is conducted to the
gas and somewhat increases 1its efficiency in comparison to the case
of adiabatic expansion. Therefore the work of expansion of 1 kg
of gas is

Hrm—j‘_d;’l =Hl". adu+ AAQ,
T

k1
where Hﬁlg:cbﬂ}[l_-cﬁ;yrj is the work of adiabatic expansion of 1
Pro
kg of gas; AAQ is the increase in efficiency of 1 kg of gas due to
heat conduction in the expansion process.

With the cooling of a mixture in the expansion process (gyo/
gro)dx of gas condenses on dT and r(gpo/grol)dx of heat is liberated;
moreover, (gro/gno)(l-xz)epydl of heat is liberated upon cooling
(gno/gro)(l-x) condensate on dT. The total amount of liberated heat
is '

dQ= —r & gy B (} )¢, ,dT.

&ro 8ro

Some of the liberated heat goes to heat the vapor phase, re-
maining in a dry saturated state in the expansion process. As 1is
known [9], the heat capacity of a vapor with a change in its state
along the right branch of the boundary curve is

dar r
aT T

Therefore in heating (gpo/gro)x of vapor the following amount of
heat 1s expended

dQy = B8 xcodT = £ xdr 4 B0 (cpx— + ) xdT.

&ro &ro &io
Thus, to 1 kg of gas the following amount of heat is conducted: /175
er=dQ_-dQn=___§n0 ld(rx)—i-cp,‘dT——;—xdT] (215)
10

This amount of heat increases the efficiency of the gas in com-
parison to the gas expanding adiabatically on

dag =(1— =)4Q.
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where T; is the temperature of the lower heat source.

The total increase in gas efficiency due to conduction of the
condensation heat is

T T
AAQ=5'er-—TS%.
Te T,

Having substituted here the expression for d@p, after integration
Wwe obtain

T
~ & fry T : T (=
Mg = P [(l "ﬁ) (ro+¢,xTo)+¢,T In T, +‘) T dTJ-

Let us transform the expression for the work of vapor expansiocn
entering the left-hand side of equation (214). From the Clausius-
Clapeyron equation

dpn r

dT T (g —uv)

ignoring the specific volume of condensate vy, small in comparison
with the specific volume of dry saturated vapor, we find

n . ogr " (216)
Pn T

Thus, the work of expansion for 1 kg of moist vapor is

Hn=——jxﬂ =—[Zar.
Pn T

Using the obtained relationship for work of the gas and vapor
phases, the left-hand side of equation (214) may be reduced to the
following form:

Heu= £y T [1 B ("EJ)FT']J“ fro (1= %)@ ol (217)
+—g.Tlﬁ;&}.

The second component in the right-hand side of this equation is the /176
work of adiabatic expansion gyg kg for moist vapor.

Thus, the total work of expansion of 1 kg of the mixture 1is
equal to the sum of the available work of grp kg of gas with its
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adiabatic expansion from the initial to the final partial pressure
and the available work of gpo kg of moist vapor with its adiabatic
expansion from the initial to the final partial vapor pressure.

With regard to the latter relationship, assuming r» to be a
linear function of temperature (r = g - bT) the equation for motion
of the mixture (214) may be reduced to the following dimensionless
form

L

Cox :
l——(”—')" +g.. [(1—t)(1+ (d —'_>+
Pro m—1
+_cg_.c tlnt]_ar(Ei_[) (218)
b m—1] o ’
h - Zno n a o c(z)
== . = ; 0r=

where g, P oT, oy T

We shall now introduce an equation for expansion of the gas
phase. With the conduction of a certain amount of heat to the gas
in the expansion process its entropy S increases. Simultaneously,
the temperature T; and the heat content Zr; of the gas with its
final pressure p; increases. Upon conduction of a heat d@r to the
gas, its heat content increases to

dipy = ¢, AT, = TydS =T, "Q' )

dri der

Hence, T T gaow dQr is determined according to formula (215).
1 CpT

Integrating this equation and considering that where T

= Ty the
values T3 = T3, £ = l, r = rg, and at the end of expansion T =

T
7 p -
and that TEE = (pFO) Kk, where Taq is the final temperature with an
a ri1
adiabatic expansion of gas, we finally obtain the following depen-
dence between partial pressure of a gas and its temperature with
expansion of the mixture:

P kil(z_"c +l) k. — ©Cp —t x :
Lo ==f" ‘pr lex m—1 —-——1)]- 19
- Plasin o =D (A= (219)
The pressure as a function of temperature of the vapor phase in /177

(176) may be rewritten as:
b

2= el (- )

Pro (220)
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Having divided (220) by (219) and taking (213) into account, we
obtain the following expression (in implicit form) for determining
the degree of vapor dryness x as a function of the dimensionless

temperature of the mixture:

. (221)

b (1 kE — Cox b m—t x
—[—=1)— — (==
ﬂ%m (t )+k_la . (m )(m_l : 1)]
Six determining parameters enter this equation:

b Cpx b -
2 , m,
k, Rn’ Cpr"cpx’ gﬂ

Of these, the first four depend only upon the physical constants
of the gas or vapor; therefore, the exhaust of a mixture with given
components is completely defined by the remaining two parameters:

§n= -g—"!—andm=——

8ro bTo '

From equation (221) it is possible to determine the degree of
vapor dryness with a very small and a very large content of it in
the mixture. Actually let éH +~ 03 i.e., let the gas flow with an
insignificant vapor admixture. In this case

. ()
xo=l

mx= .
% o (L
b “"["’ Ra (t l)]

If gy » o (condensing vapor with an insignificant admixture of gas),
then (221) will have the form

(- nompy 22 k0 (2 £ )

Since the degree of vapor dryness is 0 S & = 1, i.e., the limit
value, then where gy - o it is necessary that
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From this equation we find the limiting value of x where gpg /178

_ é
xm‘-_—,limx-_:."l__lt._..ﬂ_tﬂ_

T m—t b m—t

The obtained expression corresponds to the usual equation for
the degree of dryness with its equilibrium adiabatic expansion from
a dry saturated state.

§6. Characteristics of Moist Vapor Flow in the Flow
Section of the Turbine

With moist vapor flow in a turbine the degree of moisture due
to condensation increases. It is necessary to distinguish the
initial (primary) vapor moisture, i1.e., in front of the nozzle ap-
paratus, and the final moisture, i.e., behind the working wheel,.

As experimental studies indicate, water vapor flow in a turbine
is always accompanied by supercooling. This is explained by the
flow velocity gradients in turbine grids and also by the high purity
of vapor usually used in steam turbine installations.

Schematizing the process of moist vapor flow in a multistage
turbine it is possible to consider that in the nozzle apparatus and
in a reaction working wheel vapor is expanded with total supercool-
ing. In the cross sectional area where the flow velocity approaches
the speed of sound and local supersonic zones appear, discontinuities
in condensation arise, producing an equilibrium state in the vapor.®

Thus, with a sufficient degree of certainty it is possible to
assume a moist vapor flow in the conduits between the blades; in
particular, in the nozzle apparatus of the turbine moist vapor flow
may be assumed to be identical to a double-phase flow with constant
compression of the liguid phase equal to the initial moisture of
the vapor 1 - xg.

However, the possibility for such a schematization for moist
vapors of alkaline metals, freon, etc. requires experimental con-
firmation.

1. Losses in a Turbine Caused by Vapor Moisture

Drops of condensate forming in a condensation discontinuity in
the axial space are usually finely dispersed (d < 1 um), and their

As was indicated in [24], in the axial clearance of the turbine
stage complete, gradual vapor condensation into embryonic drops
formed with gas expansion with supercooling in the nozzle apparatus
may also take place (author's note).

9
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velocity is near the vapor velocity. Therefore, drops impact against
the working blades under calculated angles of intake and cannot cause
losses due to impact. On the other hand, particles of primary con-
densate contained in the vapor flow before the stage are usually /179
significantly larger (d > 15 um), which is caused by particle coagu-
lation in the preceding stages. As indicated above, such particles

are separated on the concave surface of nozzle blades and form a

film flowing onto the working blades under a large negative angle

of attack, which leads to losses due to friction and to erosional

wear of working blades.

With a small &xial clearance, losses due to friction may be
evaluated according to the following formula similar to expression
(157):

AT o 2’%(1—"0)( . )'(1+ 5"—)2 (222)

PP

In this formula the value xy, analogous to gp in (157), is absent
in the denominator since in a steam turbine losses are based on 1
kg of moist vapor and not on 1 kg of the gas phase, as with the
conclusion of (157).

As was indicated in Chapter III, formula (222) 1s valid even
in the case when the basic mass of condensate is concentrated in
the peripheral zone of the flow section, which is often observed in
the intermediate stage of a multistage steam turbine.

The maximum losses due to impact, assuming kc = 1, can be
determined according to the following formuila reduced to the initial
degree of moisture:

— An. 4

l—x° Cag

T@e value of Animpmax as a function of the ratio u/ezgq is shown in
Figure U47b,

From the figure it 1s apparent that with the value u/eczg = 0.5 -
0.6, common for a turbine stage and various relative blade lengths
hy/Dms the impact of liquid on the working blades caused the effic-
iency of the stage decrease from 0.6 - 1.4% for each percent of
initial vapor moisture. From the same figure it follows that losses
due to impact decrease rapidly with a decrease in u/cagq.

Usually in the final stages of condensation in turbines the
axial clearance between the nozzle and working blades reaches a
significant size. Due to particle acceleration by the vapor flow
in the axial clearance, losses due to friction of condensate on
working blades decrease; it is possible to evaluate their magnitude
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according to formula (163). However, losses in the axial clearance
due to interaction between phases are increased.

Besides losses due to impact, in a steam turbine losses due to
thermodynamic nonequilibrium of vapor flow (supercooling) appear.
As was noted, with low initial moisture of water vapor it is pos-
sible to assume that the adiabatic index of vapor expansion in a
nozzle apparatus is near the adiabatic index of superheated wvapor
near the precipitation line kj.

Since the adiabatic index of expansion for a supercooled vapor
ky is greater than the adiabatic index for a thermodynamic equilib- /180

rium expansion of moist vapor keq, then with the same pressure drop
the velocity and kinetic energy of a supercooled vapor will be less
than an equally expanding vapor. The difference between kinetic
energies amounts to the losses from supercooling.

Assuming that in a turbine stage xp = 1 and that it is possible
to ignore kinetic energy of the vapor at the intake to the stage
as small in comparison to the work of expansion in the stage, it

is possible to assume with a sufficient degree of accuracy

A’inneq Hnoz Hnoz <H|wh'_ —vah‘\

A . — lneq ieq ineq
nlneq H‘eq.st eq.st ,
or
HS e
A"l«.nEq (1—p)t —n—q + xp I—Tq ’ (223)
Heq lfleq .
where Heq = 425 - 7 1s the work of equilibrium expansion of a vapor;
k1
H [ (ﬁL)kn] work of expansion of a supercooled vapor
(4

(1ndlces noz, wh, and st designate, respectively, nozzle apparatus,
working wheel and stage as a whole); & is the degree of vapor dry-
ness in front of the working wheely; p 1is the degree of reactivity.

The value 1 - (Hpe /Heq) for water vapor as a function of the
ratio p/po is presented in Figure 89. This value is equal to the
decrease in efficiency in an active turbine (p = 0) due to thermo-
dynamic in nonequilibrium. Thus, in a subsonic active turbine stage
the decrease in efficiency due to supercooling of the vapor may
total 2-4%. In a supersonic active stage, losses due to supercooling
increase.

In a reaction stage losses due to supercooling are significantly

decreased. TFor example, where p = 0.5, tg = 150°C and the ratio
p/pp = 0.4 the decrease in efficiency is Anineq = 2%, since in an
active stage with the same pressure ratio Anlneq = 4.5%. This may
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be explained by the fact that the expansion process in a jet turbine
is accompanied by less supercooling than in an active turbine.
Actually, due to the discontinuity in condensation in the axial
clearance, vapor expansion in the working blades also begins from a
state close to equiljbrium. Moreover, the surface temperature of
the working blades T; is much lower than the temperature of the
nozzle blades TB; therefore, partial vapor condensation may take
place on the working blades which also decreases supercooling of the

vapor in the working wheel.

Discontinuities in condensation arising in the region of the /181
spaces between the rings are accompanied by weak compression waves
leading to losses. In the usual multistage turbines with subsonic
flow velocities in the blade apparatus, these losses will be negli-

gibly small. In a supersonic tur-
Hine bine stage (with a supersonic rela-
- Eq‘% tive velocity upon entrance to the
8 working blades) losses in a conden-
Y\\ [ sation discontinuity may increase;
5 < t,=50°C | — — however, at the same time the iIn-
j§< 120 tensity of a discontinuity ahead
tt< @% of a working grid decreases so
4 N ) ' that the total wave losses in the
\\\ space between the rings may vary
2 iit\x\‘- — insignificantly.
SR
0 ) ) With an increase in initial
04 0,6 08 plp, moisture due to partial vapor con-
densation on drops of primary con-
Fig. 89. Losses During Super- densate, losses from supercooling
cooling in a Blade Apparatus decrease somewhat. However, here
as a Function of the Degree the other types of losses from
of Decrease in Water Vapor the double-phase nature of the flow
Pressure. rapidly increase.

Let us evaluate the total decrease in efficiency of a turbine
stage operating on moist vapor. Summing the fundamental types of
supplementary (in comparison with operation on a superheated vapor)
losses and dividing them by the available work of wvapor in a stage
we obtain

A+ E
XAq, S+ An k(B + An Y 4 (1— kc)(___f[_;_-'-_" +

moist ineq eq. st

+ A2 (224)

Yimp!

An

In this formula Mpough (the decrease in efficiency of a stage
as a result of an increase in losses due to friction on the rough
film) may be determined from Figure u45. For water Anprough = 1 - 1.5%.

The value Ansep + Animp considers losses due to acceleration
in the axial clearance and due to impact on the working blades of
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that portion of primary condensate which was separated out upon the
nozzle blades. The wvalue of Ansep may be evaluated according to
a formula analogous to (168):

An,, = (1,3 = 1,5)(1—x) (1 — ) (® ¥ E). (225)

As was already noted, for a liquid of low viscosity (water) with

u/cad = 0.5 - 0.55, losses due to particle acceleration in the

axial clearance are largely compensated for by the decrease in

losses due to impact, so that Ansep+Animp Animp max the coefficient

Animp is evaluated according to formula'(lGS) and Animp max accord- /182

. A?r + EE #

ing to formula (222). The expression + Anjpp characterizes
Heq.st P

the decrease in efficiency caused by that portion of primary con-

densate which was not separated out in the nozzle apparatus. These

losses accumulate from losses due to friction of vapor on particles,

kinetic energies of particles (obtained from a gas and almost com-

pletely lost with their precipitation onto elements of the flow

section) and losses from the impact of these particles on the work-

ing blades.

It is necessary to note that only small particles pass through
the nozzle apparatus without separating. Theilr velocity here may
attain 70-80% of the vapor velocity. In a cross section and in the
axial clearance their acceleration by the vapor continues; therefore,
the velocity of these particles in front of the working wheel may
be assumed to be approximately equal to the vapor velocity. Ignor-
ing losses due to friction of vapor on small particles as small in
comparison with their kinetic energy (cf. Ch. II), we obtain

(1—xo) i
A} +Eg % Ty
O ~ > = (1—x,) (1—p). (2286)
eq.st ad,
o

Let us assume that complete separation of these particles
takes place in the working blades. This is completely possible
since the angle of flow revolution in the working blades is usually
significantly greater than in the nozzle blades. Then the value
of Anjipp may be evaluated according to the following formula which
is obtained from equation (163) where eyk = euyr = ¢i1,4 and, if the

blades are nOt Vel”y lollg-
[ u ( )

Since usually eci14 > u, then Angm < 0, i.e., particles precipitating
on working blades perform useful work.

B, = 2 (1—xo)
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With very fine particles (d £ 1 um) for which it is possible

to ignore separation even in the working wheel, the value of Anlmp
attains a maximum negative value, equal (with axial exit) to

An?, =—2(1—x) 2% = — 2(1—x;)(1—p) = cos 3.
p 02 1
ad

(228)
In this case the latter component in expression (224) vanishes; 1i.
e., the work of vapor, expendable on acceleration of very fine
particles in nozzle and working blades, is completely transformed
into useful work on the turbine shaft.

Thus, the decrease in efficiency in a turbine with fairly

short blades, operating on moist water vapor with u/egd = 0.5 -
0.55, may be evaluated according to

Anmoist ineq imp.max

= on"L .+ Aﬂnrough'f‘ kcAn-“ W n (l _kc) [(l—xo)(l—'P)JrA"l?m;l
R (229)
In the last stages of condensation turbines where the vapor
density i1s small, and also in small steam turbines, supplementary
losses due to reduced values of Re numbers for the flow In turbine
blades may appear. As is known, these losses are caused by an
increase in the relative thickness of the boundary layers and lead,
along with a decrease in efficlency, to a decrease in the coeffic-
ient of vapor consumption to the turbine. With numbers Re > 6.10°
the flow may be considered self-simulating; i.e., independent of Re.

2. The Influence of Vapor Moisture on the
Reactivity of a Stage

As indicated above, with equal losses due to friction on the
nozzle walls the consumption of supercooled vapor through a sub-
sonic nozzle is greater than that of an equally condensing wvapor.
The maximum ratio of these consumptions (coefficient of consumption
u) for water vapor with complete supercooling and expansion from the
dry saturated state is expressed by the curve gy = 1 in Figure 87.

In the majority of cases, the degree of reactivity of turbine
stages is p < 0.53; the peripheral sections of long blades are an
exception. Due to the greater drop operating in nozzle apparatus,
the degree of supercooling and, consequently, even the increase in
the coefficient of consumption in nozzle apparatus prove to be
greater than in the working blades. Moreover, supercooling in work-
ing blades decreases somewhat due to partial condensation on the
blade surface. This is equivalent to more "over-designing" of
nozzle apparatus than of working apparatus. As a result, the actual
degree of reactivity of a stage must be greater than the calculated
one, assuming thermodynamic equilibrium of moist vapor expansion.

As the experimental data from a number of authors indicate [15, 25,
41, 61}, with an increase in the initial degree of water vapor
moisture, the reactivity level may increase. For example, according

174

/183




T T TR

to the data of V.V. Pryakhin [41], with an increase in initial
moisture from 0 - 5% the mean degree of reactivity (Dp 2 0.4 m;
hy = 50 mm, u/eg = 0.5) increases from O to 6%.

An increase in reactivity with an increase in initial moisture
is explained by damping of the flow by particles of the primary
condensate. Due to the low viscosity of water, the influence of
nozzle apparatus clogging by its film is insignificant.

With fine particles (d < 5 pm) the interaction between phases /184
and, consequently, even the decrease in velocity of the mixture
behind the nozzle apparatus will be maximal. Therefore, the increase
in reactivity of the stage with an increase in initial moisture, in
this case, will also be very small. With large particles (d > 50um)
their interaction with the vapor and, consequently, even the increase
in reactivity may be ignored. For example, according to experi-
mental data [25], for a two-stage turbine operating on moist vapor
with large particles of primary condensate where 1 - xy = 0.12, the
change in the degree of reactivity of the stages was insignificant.
Due to the intensive separation of large particles in the nozzle
apparatus (especially with initial moisture 1 - %y > 0.1) the thick-
ness of the water film on the nozzle blades attains a maximum value,
due to which the reactivity of the stage may even decrease somewhat.

§7. Birotative Turbine Operation on Moist Vapor

As indicated in Chapter III, the efficiency of a birotative
turbine operating on a double-phase flow may be much greater than
that of the usual turbine. This 1is explained by the fact that in
a birotative turbine the two basic types of supplementary losses
caused by the double-phase nature of the flow are absent: losses
due to impact of the liquid phase on the working blades and those
due to friction on the undulating film covering the blades.

Let us consider multistage birotative turbine operation on
moist vapor (Fig. 90). The drum-type turbine stator (2) rotates
at low circumferential velocities u = 30-50 m/sec; the turbine
rotor (1) rotates at usual speeds on the order of 250-350 m/sec;
the power of the stator contributes 8 - 12% of the power of the
rotor. Rotation of the stator and rotor may coincide, for example,
with the aid of pinion device (4).

Due to the rotation of the stator, under the action of centri-
fugal forces the film forming on the nozzle blades is scattered to
the periphery so that the working blades operate on a dried vapor.
From the internal surface of the rotating stator the film flows out
through special openings into the immobile corpus of the turbine.
Thus, it is possible to consider that in a multistage construction
the condensate is continuously removed from the flow section and
the turbine operates on dry saturated wvapor.

Evidently such a construction ensures high efficiency and
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reliability of operation even with a very great diagrammatic vapor
moisture; for example, with a profound vapor expansion from the dry
saturated state near the critical region.

Certainly, even this construction has characteristic losses /185

connected with supercooling of the vapor; however, as indicated, in
a jet turbine these losses are small.

Together with the condensate from the flow section of the tur-
bine a certain amount of heat is eliminated, somewhat decreasing

the efficiency of this operation. Let us evaluate the amount of
losses due to elimination of heat with the condensate. In order to
3 2z 5
s
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Fig. 90. Schematic Drawing of a Birotative Turbine for Operation

on Moist and Supermoist Vapor: (1) Rotor; (2) Rotating Stator;
(3) External Corpus; (4) Synchronizing Transmitter; (5) Openings
for Moisture Removal.

simplify the analysis we shall assume that vapor is not supercooled
and the condensate is continuously removed from the flow in propor-
tion to its formation. Moreover, let us assume that the vapor is
expanded from the dry saturated state.

With the cooling of the vapor to dT a certain amount of it, dx,
condenses. In addition, -~rdx of heat is liberated. According to
the first law of thermodynamics this heat will undergo a change in
enthalpy « kg of vapor and in the work of its forcing in a variable
pressure field, 1.e.,

— rdx = xdi; — xv dp. (230)

Using the Clapeyron-Clausius equation (173) written for the
case where vy << vy in the form vypdp = (»/T)dT along with the expres-
sion for the increase in enthalpy of a dry saturated vapor diy =
cpKdT + dr), equation (230) may be transformed:

LI LY
dlnT +- ; dT = Q. (231)
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If we assume » = g - bT, then this equation may be Iintegrated.
After transformations we obtain the degree of vapor dryness

¢
—t\PX_
x—_-t("’ ‘)——,, ' (232)
m—1
where m = E%~; t = %E; Ty is the temperature of the dry saturated /186
0

vapor at the beginning of expansion.

Let us compare the degree of dryness of the vapor, expanding
with continuous removal of condensate, to the degree of dryness of

a given equilibrium adiabatic moist vapor expansion. 1In the latter
case expression (179) where r» = a - bT will acquire the form:
—1 cpx Int
EPLETAVORL L LA
% (m—.t)( b m—1 (233)
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Fig. 91. Relative Dryness of Moist Vapor with Continuous Removal
of Condensate as a Function of ¢: (a) epyx/b = 1.67; (b) cpK/b = 1.

The ratio of the indicated degrees of dryness is

(m—f)cpdb
X w1/ (2314)
xp 1 Cpx Int

T b m—1

X =

Values of # as a function of the dimensionless equilibrium vapor
temperature t calculated according to this formula are presented
in Figure 91. The values of T proved to be less than unity, i.e.,
with condensate removal the degree of vapor dryness is less than
that of an equally condensing vapor. Consequently, condensation
of vapor in the case of constant condensate removal takes place
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more intensively than an equilibrium condensation of vapor; this

is explained by the fact that for condensation of heat eliminated /187
together with condensate a ceratin portion of the vapor is condensed
supplementarily.

Let us calculate the work of expansion of a vapor phase H =
—kandp with constant condensate removal. Substituting expression

(232) for x, after integration we obtain
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Fig. 92. Relative Work of Moist Vapor Expansion with Constant

Condensate Removal as a Function of t: (a) epx/b = 1.67; (b) cpy/b =
1.

Let us relate the work obtained to the work of an equilibrium
expansion of condensing vapor Hgq, determined according to formula
(180). After transformation we %ind
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P U not)? T
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(236)

The values of the relative work of moist vapor expansion cal-
culated according to this formula as a function of the dimension-
less vapor temperature ¢ are presented in Figure 92. The decrease
in efficiency of the vapor with constant condensate removal in com-
parison with an equilibrium expansion of moist vapor does not exceed
2-3%, even with a significant pressure drop (£ < 0.5). A decrease
in efficiency is explained by the decrease in the amount of vapor
phase iIn comparison with the case of an equilibrium expansion.

§8. Erosion of Elements of a Turbine Operating /188

on Moist Water Vapor

With turbine operation on moist vapor the most intensive erosion
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is usually observed on the working blades, so that primarily the
intake edges of the blades on the periphery are worn out. In steam
turbine operation there are cases when the peripheral areas of

the working blades were worn out on 30-50% of the length of the cord.
Cases when the upper part of the eroded blades broke off were also
observed. Sometimes the wire bands attached to decrease blade
vibrations and also the disks of the working wheels and the scarves
of the working blades intensively erode. Nozzle blades do not erode.

After erosion a surface is rough with deep depressions and
sharp prominences. Sometimes it is shaped 1like a sponge with large
cavities,.

As already noted, erosion of working blades and other elements
of the rotor are caused by the liquid film flowing from the nozzle
blades and breaking off into large drops in the axial clearance.
With a small clearance, due to the influence of viscosity retarding
the dispersion of the film, particles of the liquid have maximum
size and minimum velocity. The shape of such particles may be non-
spherical. In this case, erosion of the intake edges of working
blades will be most intensive. With an increase in the axial
clearance large drops are broken up into finer drops by the flow
and particle velocity 1s increased; therefore, the relative velocity
of their precipitation on the working blades is decreased. In
addition, erosion is also significantly decreased.

Drops which have not precipitated on the nozzle blades have
a velocity near the vapor velocity, and therefore they cannot cause
erosion of the working blades.

1. The Kinetics of Erosional Destruction of Material

It has been established by many investigators that upon the
precipitation of liquid particles with great relative velocity onto
a hard surface, cavitation and fatigue phenomena arise. In studies
of the I.I. Polzunov Central Scientific Research, Planning and Design
Boiler and Turbine Institute, as well as in article [71] it was
noted that with the precipitation of drops onto a hard surface, the
increase in pressure at the impact center reaches (0.6-3)10% n/m2.
Such high pressures may be obtained only with the joining of wvapor
cavities inside a liquid; i.e., with cavitation. High pressures
cause high local temperatures, significantly accelerating the pro-
cess of chemical reactions; in particular, oxidation of metal.

However, experimental studies indicate that the rate of ero-

sional wear of a surface exceeds the rate of cavitational wear 2-3
times. This may be explained in the following way. Due to aniso- /189
tropy of metal grains different sections of the blade surface have
different resistance, to the effect of liquid particle impact. In

the first place, crystals with a great degree of plasgticity are

deformed in the direction of the impact. Crystals in which the

axis of greatest elasticity is directed along the impact are not
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deformed and form cantilever projections subsequently behaving like
girders with a seal. Under the action of particle iImpacts and
cavitational elevations in pressure, the projecting portions oscil-
late; fatigue microcracks appear at their bases. These cracks are
especially easily propagated on the borders between metal grains

and lead to breaking off of metal bases and the formation of caverns.

For most materials erosional wear proceeds nonuniformly in time.
In the beginning there is usually a period when there is almost no
erosion. Tor different materials this period may extend from
several minutes to several days. Then erosion becomes noticeable.
The rate of erosion gradually increases. Basic destruction of the
material of the blades is observed precisely in this period. The
eroded surface acquires the appearance of a sponge with projections
and caverns. Furthermore, a third period begins when the rate of
erosion slows and may decrease to zero.

In steam turbines construction there are cases in which the
working blades of the final stages, having been 20-30% destroyed
along the length of the cord by erosion over the course of the
first several months of use, continued to operate for several years
without a noticeable increase in erosional wear.

Such a process of erosional wear may be explained in the fol-
lowing way. In the initial period when the blade surface is smooth,
only cavitational wear is possible. Also the drops exert a mechani-
cal influence on the surface which leads to a change in its shape.
In the second period, cavitational wear is prolonged; however,
fatigue chipping of whole grains of metal begimns. This strongly
accelerates the process of blade destruction. In the final stage,
cavitational destruction evidently slows down. The liquid phase
filling the caverns on the blade surface is not successfully thrown
off by centrifugal forces and seems to form a protective pillow,
softening the impacts of new drops. Also, fatigue wear slows down
since the liquid filling the caverns damps the oscillations of pro-
jecting parts.

In the process of erosional wear there is a certain increase
in the axial space between the nozzle and working blades. This
also leads to a deceleration of destruction of the subsequent layers
of metal of the blades.

2. Basie Factors Influencing Erosional Wear /190

) Numerous observations after turbine operation on moist water
vapor indicated that erosion proceeds especially intensively when
the axial clearance 1s small or the circumferential velocity is
great (where u < 150 m/sec erosion was usually observed); when
factors appear which increase the local concentration of particles
or their dimensions, for example: separation of moisture onto the
periphery in the preceding stages, the presence of bands and reces-
ses in the preceding stages: in the case of decreased vapor pressure
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when the particles are poorly attracted by the vapor flow. (With
a pressure in the stage p > 0.6:10° n/m2 erosion is usually not
observed).

According to the data of several investigators only one degree
of vapor moisture In a stage does not determine its erosional wear.
In the practice of steam turbine construction, cases are known in
which a turbine operating on vapor with 5% moisture showed greater
wear than a turbine operating on a vapor with 8-10% moisture. This
again emphasizes that rational construction of the flow section of
the turbine and proper selection of materials for the blades is of
great importance in providing for high erosional resistance of
the turbine.

According to statistical data introduced in [71], the rate of
erosion is almost independent of whether a given stage was active
or had a high degree of reaction.

It is necessary to note the close connection between the rate
of erosion and the amount of losses due to particle impact on the
working blade. Evidently erosion and losses due to impact represent
two aspects of the same phenomena: impact of the drops on working
blades. Therefore, erosion indicates the existence of a stage of
great losses due to impact.

3. Basic Methods for Decreasing Blade Erosion

One of the most simple and widely used methods for increasing
the erosional resistance of a blade is mechanical hardening of its
surface. For example, at the S.M. Kirov Kharkov turbine plant, the
special technology of electric spark application to the blade sur-
face of a thin protective layer of very hard material (stellite,
alloy T1l5K6, et al.) was developed. At the Lenigrad metal plant,
welding stellite layers onto the inlet edges of the working blades
high-temperature silver solder is used. The resource of such hard-
ened blades is significantly increased in comparison to that of
unhardened blades. However, it is necessary to bear in mind that
blades of condensed vapor turbines operate under comparatively easy
conditions: the vapor temperature in the final stages is ¢ < Lo0°C,
and the condensate, i1.e., water, is not a corrosive medium.

In order to increase erosional resistance, working blades must
be carefully polished and the blade material must have a homogeneous
fine crystalline structure lacking nonmetallic inclusions. The
surface layer of the metal must be hard and viscous. As a number
of experimental studies indicated, tungsten steels of the austenite
class resist erosion especially well,

Moreover, in order to lower erosional wear of the working blade
it is expedient:

i8l

/191



-to use a nozzle apparatus with minimum grid thickness, which
leads to a decrease in the separation of primary condensate par-
ticles on the nozzle blades;

- to use slower speeds of rotatiomn, allowing a decrease in the
force of particle impact against the blades;

- to use nozzle blades with minimum exit edge thickness, which
leads to a decrease in the diameter of secondary drops formed from
film destruction in the axial clearance;

- to provide a possibly greater axial clearance between the
nozzle and working blades, which leads to a decrease in the diameter
of secondary drops, an increase in their velocity and the partial
separation of condensate in front of the working blades;

- to make the flow part smooth, without recesses and narrow
fissures;

- to eliminate some of the liquid phase from the flow section
through a moisture conducting apparatus;

- to use a birotative turbine.
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